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Abstract 

The non-linear optica! technique of second harmonie generation (SHG) has been applied to 
thin films of hydrogenated amorphous silicon (a-Si:H), which have important (opto-) 
electTonic applications in solar cells and thin film transistors. This surface specific technique 
has been applied in order to obtain information on the a-Si:H film properties and to gain 
insight into the surface processes during growth of these films with as main focus the role of 
silicon dangling honds in these processes. The sensitivity of SHG to surface dangling honds 
has been proven by thorough studies on crystalline silicon (e-S i). The present work is the first 
extensive study of SHG applied on a-Si:H thin films. A new set-up to generate and to detect 
SH radiation has been developed, built and tested. A-Si:H films with a thickness between 
4 nm and 1031 nm deposited on quartz by a radio frequency (rf) plasma have been examined 
in ex-situ experiments. Polarization and angular dependenee studies have revealed an 
oom-symmetry which corresponds to an isotropie distribution ofthe "origin" ofthe SH signal. 
Measurements performed at both sides of the a-Si:H/quartz samples with different film 
thicknesses indicate that the SH radiation from thin a-Si:H films is generated at both the 
surface and the buried interface of the film. Since interference effects are likely to modulate 
the seCûnd hauuonic signal arising fmm thin films of different thiclmess, a model has been 
developed to gain more insight into the influence of interference. Corrections of SHG data as 
a function of thickness carried out with this model appeared to be very sensitive to the 
accuracy of the film thickness. Also speetral studies have been carried out in the photon 
energy range of 1.10 - 1.30 eV. A clear resonance in the SH signal has been observed in this 
photon energy range. Cernparing these speetral studies with speetral SHG experiments 
performed on c-Si indicates that the observed resonance is likely caused by energy transitions 
involving dangling honds at the surface or interface of the a-Si:H films. In-situ polarization 
and speetral SHG studies on a-Si:H films grown by hot wire chemica! vapor deposition reveal 
the same origin of the SH signal as the ex-situ studies. In preliminary real-time in-situ SHG 
studies, SH radiation arising from a-Si:H has been observed during deposition and atomie 
hydrogen etching of a-Si:H films. This work proves that SHG has a great potential to provide 
real-time information on surface dangling honds and that SHG can thereby considerably 
improve the understanding ofthe growth mechanism ofa-Si:H. 
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Chapter 1 

Introduetion 

1.1 Technology assessment 

Hydrogenated amorphous silicon (a-Si:H) films have important industrial applications. 
A-Si:H is for example used in thin film transistors (TFT) for flat-panel displays, light emitting 
diodes and light sensing detectors. Furthermore a-Si:H films have become an important 
candidate for use in the next-generation flexible thin film solar cells. At present crystalline 
silicon (e-S i) is most commonly used in solar cells. There are ho wever several advantages 
using a-Si:H instead of c-Si in solar cells. A-Si:H-based solar cells can for example be much 
thinner, since a-Si:H has a higher photo-absorption coefficient and consequently solar cells 
with a reduced thickness are capable of absorbing an equal amount oflight as the thicker c-Si
based solar cells. Thinner solar cells vvi.ll be cheaper and can additionally be used on flexible 
substrates, which increases the applications for solar cells substantially. A disadvantage of 
a-Si:H is the considerable amount of defect states present in the band gap carried along by the 
amorphous nature of the materiaL These defects, free honds on a silicon atom in the a-Si:H 
matrix, or dangling honds, can act as recombination sites for photo-generated electron-hole 
pairs and thereby limiting the efficiency of a-Si:H-based solar cells. The number of defects 
will therefore determine the electronic quality of these solar cells. This leaves a lot of 
challenging research to be done on the production process of this materiaL 

Commonly a-Si:H films are produced by plasma enhanced chemica} vapor deposition 
(PECVD) using a radio frequency (rf) driven parallel plate plasma. Alternative deposition 
techniques are hot wire chemica! vapor deposition (HWCVD) and expanding thermal plasma 
(ETP) deposition. In both plasma techniques a precursor gas, i.e. silane (Si~), is ionized and 
dissociated by electron impact and by several chemica! reactions. The created radicals are 
deposited onto the surface by means of several possible physical or chemica! processes. 
Gaining understanding in the occurring reactions during film growth of a-Si:H can contribute 
to a considerable impravement of the material properties. In this work, the surface sensitive 
nonlinear optica! technique of second harmonie generation (SHG) is developed for both ex
situ and in-situlreal-time experiments on a-Si:H films in order to improve the understanding 
of the growth mechanism of a-Si:H. This application of SHG is very challenging as, to our 
knowledge, SHG has never been used before to monitor the growth process of a-Si:H films, 
while until now SHG has also not been used extensively to characterize a-Si:H films ex-situ 
[1, 2]. 

A proposed growth mechanism is briefly described in the next section. Subsequently second 
harmonie generation is introduced and recent relevant experiments reported in the literature 
are briefly pointed out. Finally a detailed motivation of the research described in this report is 
gtven. 
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1.2 Growth mechanism of a-Si:H 

Mono silicon radicals such as SiH3, SiH2, SiH and Si play an important role in the growth of 
amorphous silicon films, as previous work has shown [3]. The best film properties are 
obtained for conditions at which film growth is by far dorninated by SiH3 radicals [4]. Studies 
on radical densities, films properties and deposition rates have led to a proposed growth 
mechanism for these films. In the growth of a-Si:H an important role has been proposed for 
dangling honds on the surface. In Fig. 1.1 a schematic illustration of the surface reactions that 
can occur during the growth of a-Si:H in SiH3 dominated conditions is depicted [5]. 

A SiH3 radical that is incident on the surface can adsorb (physisorb) everywhere on an almost 
fully hydrogenated surface the surface by forming a Si-H-Si bond on surface SiHx sites 
[Fig. 1.1a]. The SiH3 in this physisorbed state subsequently diffuses over the surface until it 
forms a covalent bond with a surface dangling bond [Fig. 1.1 a2] or until it abstracts a 
hydrogen atom from the surface, forming gaseous Si~ and leaving a dangling bond at the 
surface [Fig. 1.1a1]. However, recent ab initia calculations have revealed that the Si-H-Si 
bond is not stabie [6]. Anotber possibility is tbe so-called insertion reaction of SiH3 into 
strained Si-Si surface honds [Fig. 1.1 b ], wbicb does not require dangling honds for tbe SiH3 to 
stick at tbe surface. This reaction is bowever expected to be beavily substrate temperature 
dependent, whicb is not compatible with the substrate temperature independent surface 
reaction probability of SiH3 [5]. Areaction tbat is more likely is hydrogen abstracting from 
the surface directly by SiH3 from tbe gas pbase [Fig. 1.1c]. Dangling hondscan be created as 
well by H2 desorption at elevated temperatures or by ion induced desorption, wbere a 
hydrogen atom is remo\'ed from the surface b)' anion with sufficient energ'J. SiH3 can adsorb 
on tbe surface dangling honds created [Fig. 1.1d]. It is not required tbat the adsorption 
reaction of tbe SiH3 radical takes place directly from tbe gas pbase. 

Since dangling honds at tbe surface are supposed to act as important growtb sites of a-Si:H 
films, a diagnostic for direct detection of dangling honds at the surface would tremendously 
improve tbe insigbt into tbe growtb mecbanism of a-Si:H. Second harmonie generation is a 
diagnostic technique tbat is sensitive to surface dangling honds on c-Si [7 - 9]. Additionally, 
SHG bas provided information on strained silicon honds at tbe surface of c-Si [10]. Therefore 
SHG bas a great potential to improve tbe understanding of tbe growtb mecbanism of a-Si:H. 

FIG. 1.1: Schematic representation of several reactions possibly occurring during growth of a-Si:H 
films in SiH3 dominated conditions as proposed in the literature. The displayed reactions involving 
SiH3 are a) physisorption with al) H abstraction and a2) sticking; b) insertion into strained Si - Si 
honds; c) direct H abstraction creating a dangling bond and SiH4 molecule; d) SiH3 adsorption onto a 
dangling bond. The larger spheres indicate silicon atoms, the smaller spheres hydrogen. Bars with one 
free end represent dangling honds. 
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1.3 Introduetion to seeond harmonie generation 

Second harmonie generation is a nonlinear optica} technique widely adopted in the field of 
surface science [7, 11 - 14]. SHG has just like other optica} techniques several advantages 
over non-optica} diagnostics to study surfaces and interfaces. Material damage and 
contamination associated with charged partiele beams is eliminated. In the study of insuiators 
charging effects are avoided. Optica} techniques can be applied at all pressure ranges. Solid
solid and solid-liquid interfaces are accessible, due to the large penetration depth of optica! 
radiation. Furthermore the technique of SHG is potentially surface specific at non-destructive 
power densities exhibiting astrong sensitivity to surface and interface properties on anatomie 
scale. This surface sensitivity is most easily seen in centrasymmetrie media (such as c-Si and 
a-Si:H), where SHG is forbidden in bulk due to symmetry considerations. At surfaces or 
interfaces the bulk symmetry is broken and second-order nonlinear phenomena, such as SHG 
can occur. Microscopically SHG is the conversion of two photons both with energy lim into 
one sum-frequency pboton liD.= 21im. In order to obtain second harmonie generation two 
conditions have to be satisfied. The first requirement is an intense light beam, this beam can 
be provided by a coherent light souree such as a high-energy laser. Secondly a medium with 
nonlinear optica} properties, i.e. the bulk of a non-centrasymmetrie material or a surface, is 
required. Second harmonie generation is illustrated in Fig. 1.2. 

The basic principle of nonlinear opties is the interaction of an electromagnetic field of op ti cal 
frequency OJ with matter, inducing a polarization p• within this particular medium 
[11, 15, 16], which is given in termsof an equation by 

P(x, t, m,2m, ... ) = & 0 [x (l)(m): E(x, t, m) +x (2) (2m): E(x, t, m )E(x, t, m) + ... ] (1.1) 

where éQ is the permittivity ofvacuum, x<0 is the i-th order electric susceptibility tensor, which 
describes the optica} response and reflects the symmetry of the medium and E denotes the 
electric field. The frrst term on the right hand si de of the expres si on, depending linearly on the 
applied field, describes linear optica} effects, which we experience in our normal day life, 
such as reflection and transmission. The higher order or nonlinear terms become significant 

intrared 
(û 

intrared 
(û 

visible 

2co 

FIG. 1.2: Schematic illustration of SHG, which occurs when an intense laser beam impinges on a 
nonlinear medium, such as an a-Si:H surface. For clarity reasons, the reflected radiation with frequency 
w and the second harmonie radiation with frequency 2m are displayed with a different propagation 
direction. Generally this difference in propagation direction occurs only in dispersive media. 

• Throughout this report symbols referring to veetors or tensors will be denoted in bold. 
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only at high electric field strengths. The con tribution of the nonlinear terms to the polarization 
decreases with increasing order ofthese terms. The second term in Eq. (1.1), or 

(1.2) 

describes the lowest order nonlinear optica} response leading to second harmonie generation, 
which is the subject ofthis report. 

The form of expression (1.1) can in principle be understood by consiclering bound charged 
particles in a dielectric medium subjected to an electric field oscillating at optical frequencies. 
When the field is first applied positively and negatively charged particles, such as electrons 
and ion cores, are displaced slightly from their usual positions inducing a collection of electric 
dipole moments. Equivalently, the field induces a polarization in the medium. Responding to 
the oscillation of the electric field the motion of the particles is oscillatory and oscillating 
dipoles are formed. Classically the motion of these dipoles can be described by the 
anharmonic oscillator model [ 15, 16]. In this model a medium composed of a set of oscillators 
with volume density Nis considered. The induced electric polarization due to these oscillators 
lS 

P=Nqx, (1.3) 

where q is the charge and x is the displacement from the equilibrium position of the 
oscillators. The equation of motion of an oscillating dipole in response to an electric field E(t) 
is given by 

(1.4) 

where m represents the rnass of the oscillator, w0 is the resonance frequency and ris a 
damping constant. The anharmonic terms Ç(2

)x
2 + Ç(3

)x
3 + ... can be ignored in case the 

displacement is small, resulting in an exact analytica} linear solution for x. At larger 
displacements, when taking into account the anharmonic terms, which are assumed to be 
small and which can therefore be treated as a perturbation, Eq. (1.4) can be solved to 
successive orders of approximation by expressing x as a power series in E. Equivalently, the 
induced polarization can be expanded in the form given in (1.1). Consequently the 
polarization wave contains, in addition to the fundamental component oscillating at the input 
frequency w, components oscillating at the harmonie frequencies 2 w, 3 w, etc. An important 
fact in electromagnetic theory is that an oscillating electric dipole ernits a radiation field at the 
frequency of oscillation. Accordingly, the component of the polarization oscillating at the 
second harmonie frequency 2w, i.e. thesecond-order term, can radiate a field at 2w, etc. 

In Chapter 2 more extended theoretica} descriptions will be discussed, which give insight into 
the origin of second harmonie generation and which provide a basis for the interpretation of 
the performed experiments. The symmetry of the second-order nonlinear susceptibility tensor 
will be discussed. The symmetry of the tensor is related to the symmetry of the medium 
described by this tensor. Furthermore a macroscopie description of SHG, to obtain an 
expression for the electric field and the intensity of second harmonie radiation generated at an 
interface between two centrosymmetric media will be presented. Finally a microscopie 
description of SHG will be given, to underline the microscopie origin of SHG. 
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1.4 Relevant previous SHG studies 

Second harmonie generation is an established diagnostic technique in the research on 
crystalline semi-conductors. In extensive studies on crystalline silicon, the detected second 
harmonie radiation has been identified to originate from surface dangling honds or from 
strained Si-Si honds at the surface depending on the wavelength of the incident radiation. 
These speetral SHG experiments have been carried out on Si(111)7x7 surfaces by Höfer, 
Pedersen and Morgen, and Daum [7 - 10] and on Si(100)2x1 surfaces by Höfer and Daum 
[7, 10]. Besides SHG arising from clean silicon surfaces Daum et al. report SHG from Si!Si02 

interfaces originating from a layer with strained Si-Si honds. Furthermore Höfer investigated 
the dependenee of the second harmonie radiation from c-Si surfaces subjected to atomie or 
molecular hydrogen. Due to hydrogen adsorption the surface dangling honds are passivated. 
In Fig. 1.3 the magnitude of the second-order nonlinear susceptibility, which is proportional 
to the square root of the intensity of the second harmonie radiation, is shown as a function of 
the coverage of a Si(111)7x7 surface with atomie hydrogen. As can beseen for low hydrogen 
coverage (< 0.4 ML), the nonlinear susceptibility depends linearly on the coverage, or 
equivalently on the dangling bond density on the surface. These observations on c-Si indicate 
that second harmonie generation could provide a sensitive probe for the detection of surface 
dangling honds on a-Si:H. Additionally, second harmonie generation could be applicable to 
the spectroscopy of strained Si layers at surfaces and interfaces of a-Si:H films. 

Recently the application of second harmonie generation to investigate the structure of 
amorphous silicon films has been reported by Alexandrova et al. [ 1, 2]. Although 
Alexanàrova perîormeà a limiteà study, it has been suggesteà that the observeà seconà 
harmonie radiation is generated in a strained layer close to the substrate. To our knowledge 
this is the only reported application of second harmonie generation on a-Si:H until now. 
Lettieri et al. [17] have reported the experimental evidence of second harmonie generation on 
amorphous silicon nitride (a-SiNx:H) microcavities. The reported results of SHG on a-Si:H 
and a-SiNx:H, even though being limited, are an indication for the feasibility of the present 
research. 

0.8 

--:-- 0.6 
:::::1 

ro -N' "'0.4 
~~ 

0.2 

0.2 0.4 0.6 0.8 1.0 

Coverage (ML) 

FIG. 1.3: Taken from [7]: Dependenee ofthe magnitude ofthe second-order nonlinear susceptibility on 
the coverage of a Si( 111 )7 x7 surface with atomie hydrogen. The coverage is referred to as the dangling 
bond density, 1 ML = 0.30 x 1015 H atoms cm·2. The wavelength ofthe incident radiation was 1064 nm 
(1.17 eV) and the temperature ofthe sample was 600 K. 
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1.5 Motivation and goal of this report 

As mentioned above, defect states present in the band gap of hydrogenated amorphous 
silicon, the so-called dangling honds, play a role in both the applicability of a-Si:H for e.g. 
solar cells and the production processof a-Si:H films. The amount of defects embedded in the 
bulk of the material highly determines the electrooie quality of the material, while dangling 
honds on the surface are expected to play a major role during growth of a-Si:H films. To 
improve the material properties as wellas the growth processof a-Si:H, more understanding 
in the role and evolution of dangling honds in a-Si:H, especially those in the surface region, is 
necessary. Therefore a surface specific diagnostic that is sensitive to dangling honds is needed 
to study these defects during and after deposition of a-Si:H films. 

The nonlinear optica! technique of second harmonie generation is a diagnostic that satisfies 
these requirements. SHG is proven to be sensitive to surface dangling honds and additionally 
to strained Si honds at surfaces and interfaces in case of crystalline silicon. Although being a 
widely adopted technique in the field of surface science, second harmonie generation is a new 
and innovative diagnostic for the characterization of a-Si:H films. 

The goal of this work is to develop a new set-up to generate and to detect second harmonie 
radiation and to verify the feasibility of the technique of second harmonie generation to 
characterize a-Si:H thin films. This study is carried out in preparation for the ultimate 
application of SHG in this research, which is real-time monitoring of the growth process of 
a-Si:H films to gain insight into the surface processes during film growth and the role of 
dangling honds in these pwcesses 

Several issues, such as the actual macroscopie and microscopie origin of the second harmonie 
radiation in a-Si:H and the influence of interference effects in thin films, have to be resolved 
before second harmonie generation can be applied to monitor the growth process of a-Si:H 
films. Therefore the technique of second harmonie generation will initially be applied ex-situ 
to characterize the second harmonie radiation arising from a-Si:H thin films in detail and to 
gain insight into both the macroscopie and microscopie origin of this radiation and 
consequently in the surface properties of the films. Subsequently initial in-situ experiments on 
a-Si:H films will be carried out both statically, to characterize the surface properties of 
deposited a-Si:H films, and dynamically, as a try-out of real-time monitoring of the growth 
process of the films. 

The report starts off with more extended theoretica! descriptions, as mentioned above, to gain 
understanding in the origin of second harmonie generation and to provide a basis for the 
interpretation of the experiments performed. In Chapter 2, therefore, a macroscopie as well as 
a microscopie description of second harmonie generation will be discussed. Furthermore 
interterenee effects in thin films will be described. The new experimental set-up, consisting of 
an optica! section to generate second harmonie radiation and a section for data acquisition, 
will be introduced in Chapter 3. The result of the experiments carried out ex-situ will be 
presented in Chapter 4. The interpretation of these ex-situ measurements will be discussed in 
Chapter 5. The interpretation includes, as already pointed out above, the possible macroscopie 
and microscopie origin of the signal. Furthermore a model will be developed to describe 
interference effects within thin films generating second harmonie radiation, to allow 
appropriate interpretation of the data. The set-up used for the in-situ experiments is presented 
together with preliminary results and interpretations for both static and dynamic 
measuremen~s in Chapter 6. Finally the conclusions and recommendations from this report 
will be presented in Chapter 7. 
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Chapter 2 

Theory 

In this chapter the theory descrihing SHG will be discussed in more detail to give insight in 
the origin of SHG. The theory provides a basis for the interpretation of the experiments 
performed in this research, focusing on three issues: the macroscopie and microscopie origin 
of the second harmonie radiation and the influence of interterenee effects. 

More specifically, frrst the symmetry of the second-order nonlinear susceptibility tensor will 
be discussed. The symmetry of the tensor is related to the symmetry of the medium described 
by this tensor. Radiation at optical frequencies coupled into a thin film is likely to exhibit 
interference effects, therefore a model to describe these interterenee effects in thin films will 
he presented. Furthermore a macroscopie description of SHG will be discussed. This 
macroscopie description results in expressions for t1e electric field and the intensit'i of second 
harmonie radiation generated at an interface. Finally a microscopie description will he 
discussed, to underline the microscopie origin of SHG. 

2.1 Tensor structure and crystal symmetry 

In Chapter 1 susceptibility tensors were introduced descrihing the optical response of a 
medium subjected to an electric field oscillating at optical frequencies. In this section the 
structure of the second-order nonlinear susceptibility tensors is discussed. Susceptibility 
tensors reflect the symmetry of a medium, or reversing this statement, by considering the 
spatial symmetry of a medium, the susceptibility tensors can be simplified, i.e. some tensor 
components are mutually related and other components necessarily vanish. In this section the 
structure of second-order nonlinear susceptibility tensors that are expected to be relevant for 
the bulk and the surface of amorphous media and the relation of the tensors to the symmetry 
of these media is briefly discussed. In Appendix A a more extended review of the conneetion 
between symmetry properties of a medium and the structure of the corresponding tensor is 
given. Apart from tensor structures of amorphous media, tensors descrihing the nonlinear 
optical response of the bulk and the surface of GaAs and crystalline silicon are discussed in 
Appendix A. 

First the general structure and impheation of separate components of the second-order 
nonlinear susceptibility tensors is considered. Writing expression (1.2) in components yields 
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E 2(w) x 
E 2 (w) y 
E: (w) 

lp<'>(~)] [x<'> x(2) x~~! x(2) x(2) x~ x(2) x(2) 
x<'> l EY (cu )Ez (m) 

~2)(2m) = & 0 x~ 
XY.Y xyz xzy xxz xxy xyx 

x(2) x(2) x(2) x(2) x(2) x(2) x(2) x(2) E (cu )E (m) (2.1) 
YY.Y yzz Y.YZ yzy yzx yxz y;ry Y.YX z y 

pz(
2)(2m) x~ x;~ x~! x(2) x(2) x;~ x(2) x(2) x(2) Ez (cu )Ex (m) 

~~~ zyz zzy zxz zxy zyx 
Ex (cu )Ez (m) 
E (cu )E (m) x y 
E (cu )E (m) y x 

Generally the second-order susceptibility tensor bas 27 components. As can be seen from 

expression (2.1) a tensor component xW relates the second-order nonlinear polarization 

component i to the components j and k of the incident electric field. In case of second 
harmonie generation, it is irrelevant in which order the electric field components appear, Ej 
(m)Ek(m) = Ek(w)Ej(m), the indices} and k can be freely interchanged, thus xW =x~). Due 

to this permutation symmetry the tensor X ~.2k) can be contracted to 18 components and 
y 

expression (2.1) reduces to 

E: (cu) 

l p<'>(zm)] [x<'> x(2) x(2) x(2) x(2) x~] 
E2(m) y 

~2)(2m) =&
0 
X~ 

XY.Y xzz xyz xxz E2 (cu) 
x(2) x(2) x(2) x(2) x(2) z (2.2) 

Y.Y.Y yzz yyz yxz y;ry 2E y (cu )Ez (cu) 
P}2)(2m) x~ x(2) (2) x~! x(2) 

x;:; zyy xzzz zxz 2EJcu )Ez (m) 
2E (cu )E (cu) x y 

As already mentioned above the general tensor structure in expression (2.2) can be simplified 
toa largerextent by consiclering the symmetry ofthe medium that is described by this tensor. 
The simplification is based on two postulates. The frrst postulate, which is the fundamental 
postulate of geometrie crystallography, states that only operations that transfarm a crystal 
lattice into itself without causing any deformation are valid. These symmetry operations are 
translation, rotation, inversion (also indicated as a mirror operation) and improper rotation, 
which is a rotation combined with an inversion. The second postulate, known as Neumann's 
principle, states that each material property bas the same symmetry as the material itself. The 
nonlinear susceptibility tensors are material properties, therefore the postulates can be applied 
to derive the structure of the second-order nonlinear susceptibility tensors. In the remainder of 
this section the tensors for the bulk and surface of amorphous media will be considered. 

The bulk of an amorphous medium is, in the long-range order, disordered. From a macro
scopie point of view an infinite number of symmetry operations can be performed. The bulk 
of an amorphous material is therefore centrosymmetric, meaning that inverting any arbitrary 
direction in the medium or rotating the medium associated with an arbitrary axis and angle 
transfarms the medium into itself. As stated by Neumann's principle, all inversion operations 
applicable to the structure of the medium are valid for the second-order nonlinear 



2.1 Tensor structure and crystal symmetry 13 

susceptibility tensor as well. Consequently, every tensor component is equal to it's inverted 

counterpart, or xW =-xW. Thus thesecond-order nonlinear susceptibility tensor reduces to 

zero, xW = Oand no second-order optica! effects will be displayed by the bulk of an 

amorphous medium. 

At a surface or interface however, the symrnetry is broken. For the surfaces or interfaces of 
amorphous media two different types of symrnetry operations are expected to be allowed. The 
first type of symmetry is a rotation over an arbitrary angle with the rotation axis perpendicular 
to the surface, the z-axis in the reference frame shown in Fig. 2.1. This operation is a so
called infinity fold rotation. To the second type belong mirror operations. An amorphous 
surface or interface is expected to have an infinite number of mirror planes perpendicular to 
the surface or interface. In the field of crystallography a surface with these symrnetry 
properties is indicated to haveaso-called oom-symmetry [12, 13]. 

The structure of the tensor for the surface or interface of an amorphous medium can be 
derived directly from the allowed mirror operations. Only directions parallel to the surface or 
interface can be inverted, consequently every tensor component with an odd number of x or y 
in the index is equal to zero, when consiclering the reference frame in Fig. 2.1. A justification 
ofthis statement is given in Appendix A. The resulting tensor is therefore [12, 13] 

r o 0 0 0 x~ 

~l x~~ ~l o 0 0 x(2) 0 (2.3) 
Y.YZ 

x(2) x(2) x(2) 0 0 
= Z.Y.Y = 

withx =x and x =x . = zyy = Y.YZ 

In Section 5.4 the applicability of this tensor, which is referred to as the oom-tensor, will be 
verified for a-Si:H films. 

FIG. 2.1: Reference frame, defining the coordinate axes used in the analysis of the structure of the 
second-order nonlinear susceptibility tensors. The incident fundamental radiation is shown at the right
hand side. The polarisation of the incident electric field is indicated by s and p and will be defmed in 
Section 2.2. The second harmonie radiation is shownat the left-hand side. 
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2.2 Interterenee in thin films 

When light is coupled into a thin film interference effects, caused by multiple reflections of 
the light within the film, are likely to be observed. In this research interterenee effects are 
probable to occur, since light is transmitted into thin a:Si:H films. Therefore a model to 
describe interference effects in thin films will be presented in this section. Note that the 
description in this section is valid for any optica} radiation, it does not focus on second 
harmonie radiation. 

First a description of transmission and reileetion of light at an interface between two media is 
given. Consider a light beam consisting of plane harmonie waves propagating through a 
medium i = 1 with refraction index n1 incident on a plane interface with a medium i = 2 with 
refractive index n2 • The incident electric field is given by 

E = E ei(k·r-wt) 
I ' 

(2.4) 

where E 1 is the amplitude of the electric field, k is the wave vector in medium i = 1, ris the 
position vector, m = 21tc I À is the frequency of the incident radiation, À is the wavelength of 
the radiation and c is the speed of light. At the boundary between the two media waves will 
partly be reflected and partly be transmitted as can beseen in Fig. 2.2. The reflected (Er) and 
transmitted (E1) waves can be expressed in a similar form as the incident waves, 

(2.5) 

(2.6) 

The relation between the different waves can be found by evaluating the fields at the 
boundary. The phases ofthe three different waves must be equal at the boundary plane: 

k·r-mt=k ·r-m t=k ·r-mt. 
r r t t 

(2.7) 

Consiclering expression (2.7) at the boundary point r = 0 yields that the frequencies of the 
reflected and transmitted waves are equal to the frequency ofthe incident wave: 

m=m =m. 
r t 

(2.8) 

FIG. 2.2: Schematic representation ofreflection and transmission ofradiation at an interface. 
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Consiclering expression (2.7) at t = 0 results in the laws ofreflection and refraction, 

n sin B = n sin B = n sin B , 
I I r 2 t 

(2.9) 

where B, B, and 81 are the propagation angles of the incident, reflected and transmitted 
radiation, respectively. The lefi-hand side and the middle of expression (2.9) result in the law 
of reflection, B = B . Snell's law of refraction is given by the left and right-hand si des of 

r 

expression (2.9), 

n sin B = n sin B . 
I 2 t 

(2.10) 

Furthermore boundary conditions arising out of the Maxwell equations require that the 
components parallel to the interface of both the electric and the magnetic field are continuous 
across the boundary. Combining these boundary conditions results in the Fresnel coefficients 
[18], which describe the ratio of the amplitudes of both the reflected and transmitted electric 
fields to the amplitude of the incident electric field. The Fresnel coefficients depend on the 
polarization direction of the electric field. The polarization directions are defined with respect 
to the plane of incidence in a reflection. The case when the electric field oscillates 
perpendicular to the plane of incidence is indicated as s-polarization. An electric field 
oscillation parallel to the plane of incidence is indicated as p-polarization, see Fig. 2.1. For a 
s-polarized incident beam in a geometry as indicated in Fig. 2.2 the Fresnel coefficients are: 

cosB- (::]'-sin' 0 
E 

r• Ir = = 
12 

El 

(::]'-sin' 0 cosB+ 

(2 .11) 

s E2t 2cosB 
112 =-- = 

El 

(::)'-sin' 0 cosB+ 

(2.12) 

For p-polarization the Fresnel coefficients are: 

E (::)'cosO- (::]' -sin'O 
rP = ____!!:_ = ------"7======= 

12 E 2 2 

' (::J cosO+ (::J -sin'O 
(2.13) 

p _ E2r _ 
112 - -- - ------'-__:..."7======= 

E, ( :: )' cos 0 + ( :: )' -sin' 0 

(2.14) 
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Where the convention is used that r.~ indicates a reflection and t 1
. a transmission of a wave 

lj lj 

propagating through medium i at the interface with medium}. I indicates the polarization of 
the incoming wave, which can he s or p. For a wave that consists of a superposition of s- and 
p-polarization, both components have to be considered separately. The index I will be omitted 
for clarity reasons in expressions that are valid for an arbitrary polarization. B is the incident 
angle at the interface and thus the angle under which the wave propagates through medium i 
(medium 1 in Fig. 2.2). 

In general the refractive index is a complex number. The Fresnel equations (2.11)- (2.14) are 
valid for both real and complex refractive indices. The real part of the refractive index 
describes refraction and the imaginary part, lmown as the extinction coefficient, is a measure 
ofthe absorption ofradiation in a medium. This can beseen by rewriting equation (2.4) using 

k = w n = w (n +in ), 
C C R I 

(2.15) 

where nR = Re(n) and n1 = Im(n)*. This results in 

(2 .16) 

From this expression it can be concluded that the amplitude of the electric field decreases at a 
rate govemed by the exponential factor exp(-wn1r/c) . Usually absorption is described by the 
decrease in intensity I of the radiation, which is proportional to the amplitude of the electric 
field squared 

I= l.ct: n IEI 2 

2 0 Ri ' 
(2.17) 

consequently 

(2.18) 

In this expression 1
1 

is the incident intensity and a is the absorption coefficient given by 

20Jnl 
a=--. 

c 
(2.19) 

The theory of transmission and reflection given above can be used to describe multiple 
reflections within a thin film. Consider a thin film with refractive index n2 and thickness d 
deposited on a substrate with refractive index n3 surrounded by air or vacuum with refractive 
index n1. Multiple reflections occur at both interfaces, the vacuum-film interface and the film
substrate interface. The amplitude of the electric field after every reileetion or transmission 
can be determined in the same way as for a single reflection or transmission, by multiplying 
the amplitude of the incident field with the appropriate Fresnel coefficient. This is depicted in 
Fig. 2.3, for the case where the light is incident at the vacuum-film interface··. 

• Usually the extinction coefficient is denoted as k. However, for clarity reasons the notation n1 has been adopted for 
the extinction coefficient in this report. 

•• In the remainder of this report the probing of a sample from the front side, i.e. at the film surface, will be indicated 
as probing from the vacuum-film interface, irrespective of the fact whether the sample is placed in air or vacuum. 
Probing trom the backside, i.e. through the substrate, will be indicated as probing trom the film-substrate interface. 
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FIG. 2.3 : Schematic representation of multiple reflections within a thin film, with light incident at the 
vacuum-film interface. 

The resulting intensity of the light within the film has to be determined differently depending 
on the coherence length f1 of the light souree and the thickness d of the film. The coherence 
lengthof a light souree can be expressedas [18] 

A? l ::::-
1 - .!liL ' (2.20) 

where ~is the bandwidth of the light source. In the incoherence limit, f1 << d, the phase 
information of the electric field is lost and the intensity can be computed by adding up the 
intensities ofthe separate multiply reflected waves. 
In case f1 >> d, i.e. in the coherence limit, the resulting intensity is determined by adding up 
the electric fields of the separate multiply reflected waves taking the phase difference and 
optica} path lengtbs for the different waves into account. In this last case the electric field can 
significantly be enhanced or decreased due to interterenee of the different waves. 

Within the model presented bere, a few assumptions are made: 
• The thickness of the substrate is assumed to be larger than the co herenee length of the 

light source, consequently only interference within the film has been considered. 
• The interfaces are assumed to be perfectly parallel and to have a negligible surface 

roughness. 
• Increasing the angle of incidence results in an increase of the path lengtbs of the 

waves in the film. This dependenee between the angle of incidence and the path 
length has been included in the model. However after every pass through the film the 
beam has shifted a distance d tan B1 parallel to the film interfaces. When the beam 

diameter is considerably larger than this distance, the effect of this shift on the 
interference between the different waves can be neglected. As a result the electric 
field can be considered in one dimension. 

• Depolarization of the electric field bas been neglected. 
• The time dependenee in the phase factor of the electric field has been omitted for 

clarity reasons, since it does not contribute to the result for both the electric field and 
the intensity of the electric field . . 

Taking these assumptions into account the electric field in the film, with light incident at the 
vacuum-film interface, can be expressed by: 
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(2.21) 

where the vacuum-film interface is defined at x= 0 and the film-substrate interface at 
x= d. Expression (2.21) is valid for 0 <x< d. k is the wave number in the film and the 

factors (2 pd ±x)/ cos B1 represent the optica! path length in the film. The waves contributing 

to the first five terms are shown in Fig. 2.3. The Fresnel coefficients are given in expressions 
(2.11) - (2.14). The angles of incidence used in these expressions depend on the medium 
through which the incident wave for a particular transmission or reileetion propagates, in 
Fig. 2.3 these angles are indicated as () and B1 • The frrst summa ti on in expression (2.21) 

originates from waves traveling to the right, the second summation from waves traveling to 
the leftin the geometry shown in Fig. 2.3. 

For the case with light incident at the vacuum-substrate interface a similar expression as 
(2.21) for the electric field in the film can be deduced, 

E(À () d x)= t t E el cos el + r el coslil + r r el cosel +r2 r el coslil + r2 r2 el cosel + 

[ 

·k( d-x) ·k( d+x) ·k(3d-x) "k(3d+x) ·k(Sd-x) ] 
' I' ' 13 32 I 21 21 23 21 23 21 23 ••• 

ik((2p+l)d-x) ik((2p+l)d+x) 
I co cosll Ico 1 cos(] = t t rPrP E e I + t t rP+ rP E e I (2 22) 

p=O 13 32 21 23 I p=O 13 32 21 23 I . . 

Since the radiation has to be transmitted at two interfaces in this case, Eq. (2.22) contains an 
extra transmission coefficient. 

The intensity in the film can be calculated by combining expression (2.17) with (2.21), for 
light incident at the vacuum-film interface this yie1ds: 

1 + r 2 + 2r cos( 2k(x- d)J 
n 23 23 cosB 

I(À, B , d, x)= I -
2 

t 
2 

( 
1 J . I I n 12 2kd 

1 
1+r

2
r

2 -2r r cos---
23 21 23 21 cosB 

I 

(2.23) 

For light incident at the vacuum-substrate side (2.17) and (2.22) have to be combined, 
resulting in 

2 ( 2k:x J 1 + r 21 + 2r21 cos ---

( ) 
n 2 2 2 cos B1 

I À,Bt>d,x = I 1 -t13 t32 ( J, 
nl 2 2 2kd 

1 + r 21 r 23 - 2r21 r 23 cos ---
cosB1 

(2.24) 
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The expressions (2.21) - (2.24) provide a "tooi " to describe the electric field and intensity of 
light in a film subjected to interference. In Section 5.1 these expressions will be used as a 
starting point to describe the enhancement or reduction of second harmonie radiation due to 
interference effects in thin films. 

2.3 Phenomenological description of SHG 

In this section a commonly used macroscopie model, developed by Heinz [12], to describe 
second harmonie generation at an interface between two centrosymmetric media will briefly 
be reviewed. The goal of discussing this model is to present expressions for the amplitude and 
the propagation direction of the electric field of second harmonie radiation generated at a 
surface or interface 

The starting-point of the phenomenological model is the division of the matter into three 
regions: the two bulk media and the interfacial zone. This interfaciallayer is the region where 
the material properties or the electrical fields differ substantially from those in the bulk 
regions. The refractive indices in the three regions are n~> n2 and n', respectively. Second 
harmonie generation arises from the interfacial region. In Fig. 2.4 the geometry used in this 
model is depicted. Only waves in the xz-plane are considered, including a third dimension is 
straightforward. A fundamental wave with frequency w and angle of incidence BI( w) 
approaches the interface from medium 1. Reflected and transmitted second harmonie waves 
with frequency 0 leave the sheet at angle BJ{O.) and 82{0.) in medium 1 and 2 respectively. 
The electric field of the incident wave can be expressed as 

El (x, z,t) =El (m )eï(k~·r-mt ) 

=El (m )êl (m )eï(k~·r-mt) 
(2.25) 

The wave vector· ofthis field is 

(2.26) 

FIG. 2.4: Schematic geometrical representation of second harmonie generation at an interface both in 
reflection and in transmission. The xz-plane is shown with the z-axis perpendicular to the interface. 

For elarity reasons the wave veetors of the fundamental radialion are displayed in lower case while the wave 
veetors of the second harmonie radialion are given in capitals. 
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where i and z represent unit veetors in the x and z-direction. q1 is the magnitude of the 
z-component of the wave vector with 

(2.27) 

in order to satisfy the dispersion relation in medium 1. k = {J)/ c is the wave number in free 

space and nR1 = nR1(m) is the real part of the refractive index of medium 1. For a wave 
propagating towards the interface, q

1 
should be positive. ê

1 
(m) at the right hand side of 

expression (2.26) is a unity polarization vector satisfying 

k ·ê =0. 
I I 

(2.28) 

As mentioned in the introduetion of this report, Chapter 1, the incident electric field induces a 
polarization at the interface between the two centrosymmetric media. Thesecond-order term 
of this induced polarization, which is responsible for second harmonie generation, depends on 
the pump electric field as described in (1.2), 

p(z)(x,z,t) = &
0
X(2)(n): E(x,z,t)E(x,z,t). (2.29) 

The phenomenological description of SHG is valid in case the interfacial layer is much 
smaller than the \Vavelength oft~e pump \Vave. Usuall)' the thick:ness ofthe interfacialla)'er is 
in the order of a few Ángstroms. Therefore the non-linearity of the interface can be treated as 
a sheet ofnonlinear souree polarization psnls with a thickness o(z) that approaches zero, 

(2.30) 

When neglecting the third and higher order terms of the nonlinear polarization and using the 
definition of the incident electric field given in (2.25), equations (2.29) and (2.30) re sult in 

Combining the phase factors yields 

with 

pnls (x,z,t) = l&ol~2)(n): E
1 
(m )E

1 
(m )ei(Px-nt) ~(z) 

= [Psei(Px-nt) ~(z) 

(2.31) 

(2.32) 

(2.33) 

As can be seen from relation (2.32) the pump radiation gives rise to a spatially varying sheet 
of polarization with frequency n = 2m and wave vector Pi , with P = 2 p . 

Expressions for the transrnitted and reflected nonlinear radiation from the sheet can be 
determined by applying Maxwell' s equations with a nonlinear souree polarization P nis that is 

related to the current density J nis ' where oP nis I ot = J nis ' 
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V· D =-V· pnls 

aB 
VxE+-=0, at 
V·B=O, 

' 

aD apnis 
VxH--=--at at ' 

(2.34) 

(2.35) 

(2.36) 

(2.37) 
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Where D is the electric displacement, B is the magnetic induction and H is the magnetic field. 
The mutual relations of the different fields are the same as in the usual linear case, D = êE 
and B =.uH. 

In 1962 Bloembergen and Persban [19] solved the problem of second harmonie generation at 
the interface between two dielectric media by incorporating the nonlinear polarization as a 
souree term in the usual linear wave equation. The wave equation can be derived from 
expressions (2.35) and (2.37) 

(2.38) 

where it has been assumed that the magnetic properties of the media can be neglected, i.e. 
f.1. = f.lo· The general solution of this wave equation results in expressions for the transmitted 
and reflected second harmonie waves. 

Here the approach applied by Heinz [12] is followed, which is basedon boundary conditions 
to match electric and magnetic fields across the polarized sheet shown in Fig. 2.4. These 
boundary conditions arise from Maxwell's equations. To match the fields across the sheet, 
continuity of the components of E and H parallel to the interface and continuity of the 

componentsof (n +pols) and B perpendicular tothesheet is required. It is bebind the scope 

ofthis section to treat the resulting boundary conditions as described by Heinz [12] in further 
detail. The focus in the rest of this section will be on the expressions for the electric fields of 
the second harmonie radiation, as derived by Heinz from the boundary conditions. 

By applying the boundary conditions and initially assuming n1 = n2 = n' = 1, the electric field 
ofthe second harmonie radiation can be obtainedjust outside the polarized sheet, i.e. either in 
medium i = 1 or i = 2, 

(2.39) 

with 

E(n)=E. = iK
2 

[P -K . (K.·P)~. 
l l 2& Q s l l s ~ 

0 i 

(2.40) 

In expression (2.40) K = 0/cis the wave vector of the second harmonie radiation in free 

space and K . = K . / IK . · K is a unit vector in the direction of propagation of the second 
I I V l 

harmonie wave in medium i. The wave veetors of the second harmonie field radiated into 
medium 1 and 2 can be written in an analog general way as in (2.26) 
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K =Pi-Qi 
I I ' 

with 

(2.41) 

(2.42) 

(2.43) 
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to satisfy the dispersion relation in medium i. nRi = nR1{0.) is the real part of the refractive 
index for the second harmonie wave in medium i, temporarily assumed to be equal to 1. The 
second harmonie radiation is propagating away from the interface, consequently Qi should be 
positive. 

Re lation (2.40) states that the electric field of the second harmonie radiation is proportional to 
the transverse component of P . Therefore it is convenient to rewrite this expression by 

s 

means of the unity polarization vector ê .. With the re lation given in (2.28), which is also 
I 

applicable to second harmonie radiation, equation (2.40) yields 

iK2 
ê. ·E. = rê .p ]. 

I I 2&Q ~I S 

0 i 

(2.44) 

When talcing the difference in linear response in the three regions into account the initia! 
assumption that all dielectric constants are equal to 1 has to be dropped. Furthermore Fresnel 
corrections are required to describe the transition of waves between different regions. In case 
n' = n1 or n' = n2 the usual Fresnel transmission coefficients for wave propagation between 
dielectric media as described in Section 2.1 are applicable. In this section the convention to 
incorporate the Fresnel correction into the polarization veetors has been adopted. 
Consequently a wave with electric field E.ê. in medium i willlead to an electric field E .e 

I I j 

in medium j with 

e = t .. ê .. 
Ij I 

(2.45) 

When the linear dielectric properties are taken into account, the electric field of the second 
harmonie wave corrected for the transition from the polarized sheet to medium i is 

~ iK2 
e. ·E. =-re·P ]. 

I I 2& Q t S 

0 i 

(2.46) 

Qi, the component of the second harmonie wave vector in medium i perpendicular to the 
interface, can be eliminated from this expression by using the geometry depicted in Fig. 2.4. 
The angle at which the second harmonie radiation exits the interface is related to the wave 
vector, 

secB. = _1_ = jKij = nRiK . 
1 cosB. Q. Q. 

I I I 

(2.47) 

Combining (2.46) and (2.47) yields 
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(2.48) 

The second harmonie electric field can thus be written as a function of the fundamental field 
using expression (2.33). After the appropriate Fresnel correction descrihing propagation ofthe 
fundamental waves into the interfacial region relation (2.33) yields 

(2.49) 

Finally combining expressions (2.48) and (2.49) results in the desired relation between the 
incident electric field propagating from medium 1 towards the interface and the radiated 
second harmonie waves in either medium i = 1 or i = 2 generated at the interface, 

(2.50) 

This result can also be represented in terms of the intensity of the second harmonie field, by 

applying the relation for the intensity of an electric field/= tc&
0
n RiiEI 2

• 

(2.51) 

Additionally the angles of propagation of the second harmonie radiation will be discussed. 
Equation (2.41) and (2.42) de fine the wave veetors of the second harmonie radiation. The 
component of the wave veetors of the radiated fields parallel to the interface follows from 
equations (2.32) and (2.39), P = 2 p . The component of the wave veetors perpendicular to 
the interface incorporates dispersion. All propagation angles can be linked to the angle of 
incidence of the fundamental beam by using the geometry shown in Fig. 2.4, 

p = lk,lsin(e, (m )) 
= nR1 (m )ksin(e, {w )) 

(2.52) 

and 

P = jK;jsin(ei(n)) 
= nRi(n)Ksin(e/n)) 

(2.53) 

consequently with P = 2 p and K = 2k this implies that 

n Rl (cv )sin 81 (m) = n Ri (Q )sin ei (Q) (2.54) 

For the geometry used in this research where only medium 2 exhibits dispersion, 
n

1 
(w) = n

1 
(n) and n

2 
(cv)* n

2 
(n), implying that the propagation angle of the reflected 

second harmonie wave is equal to the angle of incidence of the fundamental wave, 

(2.55) 
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The transmitted wave propagates in a direction given by 

nR1 (m )sinB
1 
{m) = nR2 (n)sinB

2 
(n). (2.56) 

With n
1 
{m) = n

1 
(n) andrelation (2.55) this can he rewritten as 

nR1 {n)sinB1 {n) = nR2 (n)sinB2 (n). (2.57) 

This implies that the propagation angles of the radiated waves are equal to the angles of 
reileetion and refraction in the linear case of an incident wave with frequency n. 

Concluding, we have obtained an expression for the electric field of second harmonie 
radiation generated at an interface as a function of the fundamental electric field. This 
relation, which is given by Eq. (2.50), can he used to compute the electric fields of second 
harmonie radiation. 

2.4 Microscopie origin of SHG 

The theory presented in this section briefly describes the microscopie ongm of second 
harmonie generation. This microscopie description provides a "tooi" for the interpretation of 
the experiments. It can he applied to reveal the microscopie origin of the second harmonie 
radiation arising from the thin a-Si:H films. 

As already mentioned, the nonlinear optical effects of a medium are characterized by the 
nonlinear susceptibilities of this medium. The nonlinear susceptibilities depend on the 
electronic and molecular structure of a medium. A quanturn mechanica} calculation is 
required to obtain microscopie expressions for the nonlinear susceptibilities. Forma! relations 

for xW have been derived by Shen [15] using first-order time dependent perturbation theory. 

It is bebind the scope of this chapter to treat this denvation in detail. This section focuses on 
the interpretation ofthe resu1ting relations. 

The starting point of the description given by Shen [15] 1s the Hamiltonian, which 1s 
composed out of three parts, 

H= Ho+ Hint+ Hrandom• (2.58) 

Ho is the Hamiltonian of the unperturbed material system with eigen states In) and eigen 

energies En· Hint is the interaction Hamiltonian descrihing the interaction of light with matter. 
Hint is treated as a frrst-order perturbation. Hrandom is a Hamiltonian descrihing the random 
thermal perturbation of the system and is responsible for relaxation of material excitations 
back to equilibrium. Pump fields entering a material system interact with this medium twice 
through the interaction Hamiltonian. In case of second harmonie generation the interaction 
leads to the production of a nonlinear polarization at a doubled frequency. The expressions for 
thesecond-order nonlinear susceptibility, within the electric dipole approximation, derived by 
Shen [15], consist ofthe sum of eight terms ofthe form 

(2.59) 
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In this expression the medium is considered to be divided into small units, typically atoms or 
molecules. For the response in the bulk of a medium, N denotes the volume density of these 
units. When consiclering the surface nonlinear susceptibility, Nis the surface density. The 
quantity nmng is the energy difference between different quanturn states of the material 

system. rng is a damping constant representing the line width or characteristic relaxation time 
for transitions between these quanturn states. p(o) denotes the population ofthe ground state 

g 

I g) . The matrix elements ( 1r1 ) correspond to a sequence of transitions from an initia! 

occupied ground state I g) to an intermediate state In') by the absorption of a photon nm , 

immediately foliowed by a second transition to another intermediate state In) induced by 

absorption of a second photon nm , finally the emission of a second harmonie photon 

n.n = 2n.m by a transition returning to the initia! state of the system 1 g) ·. 

Transitions may occur either on- or off-resonance. Whenever the frequency m of the pump 
radiation and/or the frequency 2m of the second harmonie radiation coincides with the 
frequencies mn ·g or mng of a real transition from the ground state to the intermediate states, 
SHG will be resonantly enhanced. As seen in expression (2.59) the appearance ofresonance is 
reflected in the energy denominators, in case of resonance either one of the factors will 
become purely imaginary. Note that a non-vanishing value for the nonlinear susceptibility is 
expected even far from resonance, the intermediate states are virtual in this case. The 
sequence oftransitions, hoth withand without exhibiting resonance, is illustrated in Fig. 2.5. 

no resonance resonance resonance 

~~In) 
... 

In) i 
i In) -------

~~ i ------ - ; 4 ~ 
n{j) 211(J) fz{j) 211m n{j) 211{j) nmng! -- --In~ 

~ ~ i 
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i i 
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I i ~, H ,, ! .. i 
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FIG. 2.5: Schematic representation of the sequence of transitions occurring in case of SHG. The 
material system is excited twice by absorption of two pump photons with energy hm. Byemission of a 
second harmonie photon with energy 2hm the system returns to the initia! state. Virtual states are 
represented by the dashed lines, real quanturn states by the solid lines. Resonance occurs when the 
energy of the pump photons or the emitted SH pboton coincides with a real transition hmng in the 

system. 

• Here we have adopted the notation used in the literature. Note however that Wng and fng in the denominator of 
expression (2) correspond to the frequency and line width of real transitions, in contrast to the interrnediate states 
1 n') and In) in the nominator, which can in principle coincide with real states but can also be virtual. 
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In conclusion, a resonant response in the process of second harmonie generation occurs when 
the energy of the pump photons or the ernitted SH photons coincides with a real transition in 
the system. The existence of resonance implies that second harmonie generation may yield 
spectroscopie information on the electronic states of surfaces and interfaces. Or in other 
words, the frequency dependenee ofthe intensity ofthe second harmonie radiation can give 
insight into the microscopie structure of surfaces and interfaces. 
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Chapter 3 

Experimental set-up 

In this section the set-up used to perform second harmonie measurements is presented. First 
the newly built optica! set-up will be discussed, foliowed by a description of the data 
acquisition system used to detect the generated signals. The new set-up has been tested by 
cernparing the results with those obtained with the second harmonie generation set-up at the 
Philipps Universität Marburg, Germany. This chapter ends with a description of the samples 
used in this research and their properties as determined by other diagnostic techniques: 

3.1 Optica! set-up 

A new set-up has been built to generate and detect seCûnd harmonie radiation. Basically it 
consists of three parts, a laser system to provide the pump radiation for the experiments, a 
section to detect second harmonie signals and a reference section to monitor the stability of 
the output power of the laser. These parts will be discussed below tagether with the alignment 
procedure of the set-up. In Fig. 3.1 the optica! set-up is shown in the configuration for ex-situ 
measurements performed at an angle of incidence of 45° on the sample. 

I alignment laser 
~ A.= 532 nm 

).)2 

FIG. 3.1: Schematic representation of the newly built optical set-up for SHG experiments. The 
displayed configuration is used for ex-situ measurements at an angle of incidence of 45°on the sample. 
The separate elements are described in the text. 
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3.1.1 Laser system 

The pump radiation is provided by a Nd:YAG laser (Spectra Physics GCR-230), which 
produces light pulses (8-9 ns) with a wavelength of 1064 run at a repetition ra te of 30 Hz. The 
optica} cavity of the Nd: Y AG laser is seeded by a diode laser at 1064 nm to narrow the 
bandwidth. By means of a KDP-crystal (potassium di-hydrogen phosphate) the fundamental 
wavelength is doubled to 532 nm. This widely adopted doubling principle is a bulk SHG 
effect. In a second KDP crystal a more general nonlinear optica} bulk effect occurs, sum 
frequency generation (SFG). The remaining fundamental and second harmonie photons form 
sum frequency photons at 355 nm. By means of two dichroic mirrors, the 355 nm beam is 
separated from the 532 run and 1064 nm beams, which are guided into a beam dump. The 
355 nm radiation, which typically bas an average output power of 10-11 W, is used to pump 
an optie al parametrie oscillator system (OPO) (Spectra Physics MOPO 71 0). The heart of the 
OPO is a parametrie gain medium, the BBO-crystal (j3-BaB20 4), transferring the energy of 
one pump pboton to two photons, the signa} and idler photons. By changing the orientation of 
the BBO-crystal the wavelength of bothoutput photons is tunable, 410-690 nm (1.80-3.20 
eV) for the signa! pboton and 730-2200 nm (0.56-1.70 eV) for the idler photon. The 
bandwidth ofthe OPO is approximately 1 tim (300 GHz) at 1064 nm. With expression (2.20) 
this results in the coherence length for the OPO-system, typically 1 mm. In the experiments 
performed only the idler beam, that bas a typical output power of 300 mW at 1064 nm, is 
used. The idler beam is p-polarized, which means that it is oriented parallel with respect to the 
plane ofincidence intherest ofthe set-up. The signa! beam is dissipated in a beam block. The 
OPO-system requires the Nd:YAG laser to be operated at optima! conditions. Further 
inforrnation conceming both laser systems can be found in [20, 2 i]. 

3.1.2 Detection and reference channel 

In this section the part of the optica! set-up to detect second harmonie radiation arising from a 
sample and the part to monitor the performance ofthe laser, i.e. the reference channel, will be 
discussed. Bebind the output of the OPO a half wave plate (').)2) and a polarizer (P) are 
placed, as can be seen in Fig. 3.1. The polarizer (Newfocus 5526), which bas a wavelength 
range of 900 to 1500 nm, is set to transmit only s-polarized light, as will be explained below 
to ensure optima} response of the mirrors. By means of the variabie wave plate (Newfocus 
5540) used as a half wave plate the polarization of the output beam provided by the laser 
system can be rotated. The wavelength range for this wave plate is 200-1600 nm. Rotation of 
the wave plate changes the magnitude of the s-polarized component of the laser beam and can 
therefore be used, together with the polarizer, to tune the power ofthe beam. 

The mirrors intheset-up (all ofthe same type, CVI laser HM-1037-45) are specially designed 
to reflect high-energy Nd: Y AG laser beams at the fundamental and second harmonie 
wavelength at an angle of incidence of 45°. The reflectivity is optima} (>99.0 %) for 
s-polarized light with a wavelength between 480-590 nm or 960-1140 nm. These bandwidths 
are somewhat narrower for p-polarized light. Since the mirrors are the limiting factor in the 
accessible wavelength range of the set-up, the polarizer mentioned above is set to transmit 
s-polarized light. The two mirrors reflecting the laser beam bebind the polarizer are used to 
align the beam path ofthe pump radiation, as will be discussed below. 

To simplify the alignment procedure a low-energy visible laser beam is part of the set-up. The 
laser that provides this radiation is a continuous wave diode pumped frequency-doubled 
Nd:YAG laser (LCL-LCM-T-01ccs) with a wavelengthof 532 nm and an output power of 
1 mW. The mirrors, as discussed above reflecting light in both the infrared range of the pump 
beam as in the visible wavelength range of the second harmonie beam, are chosen to allow the 
application of this alignment laser. The beam of this laser can be coupled into the set-up by 
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means of the third mirror shown in Fig. 3.1, which is mounted into a flipping mirror hol der. 
This removable mirror is, together with the fourth mirror, used for the alignment ofthe visible 
laserbeam. 

A quartz plate is used to split off a few percent of the power of the pump beam. The reflected 
part of the beam generates second harmonie radiation on a GaAs(OO 1) sample in order to 
monitor the stability of the output power of the laser. A constant intensity of the pump laser is 
essential, since the intensity of the second harmonie radiation is proportional to the square of 
the intensity of the fundamental radiation, (Eq. (2.51)). In case driftsin the laser intensity are 
detected, the measurement is restarted. Significant drifts were only detected after more than 
two hours of uninterrupted utilization of the Nd:YAG laser. The optical components in the 
reference channel are identical to those in the detection channel. 

The beam transmitted at the quartz plate passes through two iris diaphragms defining the 
optica! axis. The polarization of the transmitted beam can be rotated by a second half wave 
plate (Newfocus 5540). A color glass filter F1 (Schort RG715) removes any residual second 
harmonie radiation arising from the laser or optica! components in between. The sample is 
mounted into a substrate holder designed for this set-up that allows rotation of the sample 
associated with the surface normaL 

Bebind the sample a fifth mirror is placed to facilitate modification of the angle of incidence 
of the pump beam on the sample. The position of this mirror and the mirror itself can easily 
be changed to guide the second harmonie beam to the detector without modifying the position 
of other components. Furthermore this mirror is used to optimize the signal, as discussed 
below. The next component in the set-up is a polarizer (Newfocus 5524) to select a specific 
polarization of the second harmonie radiation. Another color glass filter (Schort BG39) 
absorbs the remaining fundamental radiation. A monochromator (Edmund NT37589), with a 
wavelength range of 300-800 nm, and a resolution of 1 nm suppresses stray light. A lens with 
a focallength of 18 mm focuses the beam on the grating of the monochroma tor. The signal is 
detected by means of a photomultiplier tube (RGA 931A). The further processing of this 
signalis discussed inSection 3.2. 

3.1.3 Alignment procedure 

In this section the alignment procedure of the set-up will briefly be descri bed. 
• First the beam provided by the alignment laser is guided through both diaphragms by 

iteratively modifying the orientation ofthe third and fourth mirror shown in Fig. 3.1. 
With the third mirror the beam is aligned on the center of the first diaphragm, 
subsequently with the fourth mirror on the second diaphragm. The latter adjustrnent 
partly cancels the frrst adjustrnent, therefore the orientation of the third mirror bas to 
be tuned again. This process is repeated until the laser beam perfectly passes through 
the center of both diaphragms. 

• By moving the sample, the alignment laser beam is then focused on the center of the 
sample. To make sure the sample is placed perfectly perpendicular to the axis of 
rotation of the sample bolder, the reflection of the laser beam is monitored while 
rotating the sample. With two tuning screws on the sample holder the reflection is set 
to stay at the same position when the orientation of the sample is changed. 

• Subsequently with the fifth mirror the reflection is guided through the polarizer and 
the lens, which are placed in line bebind the sample. With the lens the beam is aligned 
on the grating of the monochroma tor. The set-up is now coarsely aligned. The visible 
laser is switched off and the third mirror is flipped down. 
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• The high-energy infrared laser beam is now coupled into the set-up. With the first and 
second mirror this laser beam is guided through the center of the diaphragms in the 
same way as described above for the visible laser. 

• The wave plates and polarizers are placed perpendicular to the laser beam by setting 
the beam reflected from the surface to overlap the incident beam. 

• For the final alignment step the photomultiplier and the data-acquisition set-up are 
switched on. The detected signal is optimized by fine-tuning the position of the fifth 
mirror, the position of the lens and the setting of the monochromator. The reference 
channel is aligned in a similar way. 

3.2 Data acquisition 

Besides two photomultiplier tubes, the data acquisition system consists of a computer with a 
Labview program, a TUeDACS analog-digital converter (ADC) and two identical electronic 
circuits to make the photomultiplier signals from both the reference and the detection channel 
suitable for sampling by this ADC. The Nd:YAG laser provides laser pulses at a repetition 
rate of 30 Hz with a pulse length of 6 ns, resulting even in a somewhat shorter pulse of second 
harmonie light. Consequently, as a signal, the photomultipliers create pulses of electrans at 
the same repetition ra te with a camparabie pulse length. The function of the electronic circuits 
is to determine the magnitude of this signal and thereupon to retain the information long 
enough to allow sampling by the ADC. In Fig. 3.2 the electronic circuit is schematically 
shown. 

Basically the charge delivered by the photomultiplier is integrated in the circuit. The electron 
pulse instantly charges a capacitor of 12 pF, which is subsequently slowly dischargedover a 
large resistor of 5.6 MO. The ADC is part of a TUeDACS data acquisition system and bas an 
input impedance of 50 n as indicated in Fig. 3.2. To prevent the capacitor to be discharged 
almost instantly over this load, an operational amplifier (op amp) is used to buffer the signal. 
For this purpose a high-speed FET input op amp is chosen, Burr Brown OPA655. This device 
has a fast 0.01% settling time of 17 ns. Due to the FET input the input impedance is high, 
1012 n and 1.0 pF. More detailscan be found in the data sheet [22]. The power supply ofthe 
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FIG. 3.2: Electrome circuit to allow sampling ofthe pbotomultiplier signal by tbe ADC. 



3.2 Data acquisition 31 

op amp has been equipped with a filter to suppress comrnon mode noise [23]. The 22 n 
resistors at the non-inverting input and exit of the op amp are placed to isolate these 
connections to avoid oscillations. The other two resistors and the capacitor remove low 
frequency noise and introduce a gain of around 6.5 to the circuit. Due to the capacitance to 
ground of the photomultiplier, the input capacitance of the op amp and parasitic capacitance 
in the circuit the net capacitance before the op amp is approximately 20 pF. An increase of 3 
m V in the output signal of the electronic circuit corresponds to an increase with 10 in the 
number of detected photons per second, which bas been estimated using the photosensitivity 
ofthe photomultiplier tube [24]. 

The function of the circuit bas been experimentally verified [23). An electron pulse from the 
photomultiplier results in a step in the output voltage of the circuit, this step reaches its 
maximal value within approximately 7 ns. Because of discharging of the capacitance the 
voltage at the output of the circuit exponentially decreases with a RC-time of around 90 J.I.S. 
Since the repetition frequency of the pulses is 30 Hz this discharge rate is fast enough to 
prevent interference of the charge delivered by two successive pulses. The maximal value of 
the step drops around 1 % during the first microsecond. 

As mentioned above the output signal of the circuit is processed by a TUeDACS data 
acquisition system that consists of a 12 bit analog-digital converter with a sampling rate of 
100 MHz. The ADC requires an input signa! between -1 V and +1 V. A detailed description 
of this device can be found in [25]. The TUeDACS is pretrigged by the Nd:YAG laser. The 
data are transferred reai-timetoa computer. A Labview program is used to analyze the signal. 
Basically this prûgram detem1ines the maxiurnl value of the step in the signa! and subtracts 
the average background signa! from this maximum. The maximum of the step and the average 
background are determined between two sets of gates that are set in advance. This approach is 
valid because of the high sampling ra te of the ADC. In 1 microsecoud 100 sampled points are 
transferred to the computer. The maximal value of the step can therefore precisely be 
determined. Additionally the software averages the data to reduce the error due to 
background noise and determines the corresponding standard deviations. In this report every 
data point is the result of averaging 400 laser pulses, unless the number of averaged pulses is 
indicated separately. 

The metbod used in the Labview program bas however one drawback. The response for low 
signals is distorted. In case no signa! is detected, the program determines the maximal value 
of the sampled data between the gates as well. As a result the maximal value of the noise in 
the background ofthe signa! is returned. This value turned out to be approximately 1 mV. Or 
equivalently when for every laser pulse a value of around 1 m V is returned, no signa! is 
detected. In some experiments however only at a few percent of the laser pulses second 
harmonie photons were detected, resulting in a few returned data points with a magnitude of 
for example 30 mV and numerous data points of around 1 mV. Averaging this series yields a 
value slightly exceeding 1 mV. When the number and/or the magnitude of data points unequal 
to 1 mV decreases, the average value approaches the asymptote of 1 mV. 

To increase the sensitivity of the set-up for very low signals, one could think of modification 
of the program. Instead of appóinting the maximum of a pul se, the area under the curve could 
be determined. It would however be more desirabie to turn to a complete different approach 
for low responses, such as single pboton counting, instead of averaging the magnitude of a 
fixed number of data points. Since in most of the experiments described in this report the 
signals considerably exceeded the noise level, the approach presented above is used 
tbraughout this work*. 

• For the in-situ experiments presenled in Chapter 6 the deleetion system has been adapted to allow single photon 
counting 
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3.3 Performance test of the set-up 

The set-up to generate and detect second harmonie radiation discussed above has been tested 
by measuring the second harmonie signal arising from a GaAs sample with (001) surface 
orientation. The same sample has been analysed on the second harmonie set-up of the surface 
dynamics group at the Physics Department of the Philipps Universität Marburg, Germany. In 
Fig. 3.3 the second-order nonlinear susceptibility of this GaAs sample, which is proportional 
to the square root of the detected intensity, is displayed as a function of the input polarisation 
of the pump radiation. The P-polarized· second harmonie radiation has been monitored. Data 
have been taken in both Marburg and Eindhoven. 

The data taken in Eindhoven show good agreement with those taken in Marburg. The small 
difference could possibly be caused by a slight difference in incident angle. GaAs has both a 
surface as a bulk contribution to SHG and a slight difference in the angle of incidence will 
affect the way these two contributions interfere. The higher values at the minima for the 
Marburg data are probably caused by a non-perfect setting of the output polarizer. The 
experiments carried out with the newly built second harmonie set-up are consistent with the 
experiments performed at the set-up in Marburg. It can therefore be concluded that the new 
set-up is functioning well and can be used for second harmonie measurements. 
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FIG. 3.3: i 2> for P-polarized second harmonie radiation from a 0.50 mm thick GaAs (001) sample as a 
function of the input polarisation. Setting the half wave plate to 2 e = oo or 180° (90° or 270°) 
corresponds to a S (P)-polarized input wave. The two data sets have been taken in Eindhoven and 
Marburg using the same sample and in both cases with an incident angle of 45° and a laser fluence of 
21 mJ cm-2

. For the data taken in Marburg both the orientation ofthe wave plate and the magnitude of 
i 2

) have been rescaled to simplify the comparison. 

In this report the polarization state is denoted in capitals when referring to an experimental setting tor the 
measurements. 
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3.4 Description of the a-Si:H samples 

For the ex-situ second harmonie experiments on a-Si:H films, carried out as a proof of 
principle and to characterize the second harmonie radiation arising from these films, 7 a-Si:H 
films with a different thickness have been deposited on 1.59 mrn thick synthetic quartz 
substrates by means of an rf-plasma. During deposition the substrate temperature was 250°C, 
the pressure in the plasma chamber was 0. 70 mbar and the growth rate of the films was 
around 13 nm min-1

• The depositions hava been carried out at the AMOR set-up in Delft. 

These 7 samples have previously been characterized by means of several diagnostics. 
Transmission spectroscopy has been carried out to obtain the thickness of the deposited films 
and to obtain the refractive index and absorption coefficient as a function of the photon 
energy. Additionally thin film cavity ring down spectroscopy (tf-CRDS), an absolute and 
ultra-sensitive absorption technique for defect spectroscopy, has been carried out. Tf-CRDS 
provided also information about the absorption coefficient as a function of the photon energy 
in the range 0.7 eV- 1.7 eV. Both the transmission spectroscopy and tf-CRDS experiments on 
the films are discussed in detail in [26]. Furthermore anatomie force microscope (AFM) has 
been used to measure the surface roughness of the films [27]. 

In Table 1 the thickness of the films obtained with transmission spectroscopy is displayed 
together with the absorption coefficients for these film at a photon energy of 1.17 eV and 
2.33 eV obtained with tf-CRDS and transmission spectroscopy, respectively. The surface 
roughness obtained with AFM is displayed as well. The root mean square surface roughness 
of a clean quartz substrate has been determined to be 0.26 nm. The real part of the refi-active 
index ofthe 4 nm film obtained with transmission spectroscopy shown in Fig. 3.4. This figure 
is representative for all 7 films. 

T ABLE 1: Sample thickness, absorption coefficients for pboton energies of 1.17 e V and 2.33 e V and 
root mean square surface roughness for the 7 sample used in the ex-situ SHG studies. 

Sample thick.ness Absorption Absorption RMS surface 
(nm) coefficient ( cm-1

) coefficient ( cm-1
) roughness (nm) 

(1.17 eV) _(2.33 eV) 
4 2.4x 102 9.5 x 104 0.28 
9 1.2 x 102 1.1 x 105 0.26 

30 7.5 x 101 1.3 x 105 0.25 
98 3.0 x 101 1.1 x 105 0.47 
177 2.0 x 101 1.1 x 105 0.43 
289 1.3 x 101 1.1 x 105 0.60 
1031 7.0 1.1 x 105 1.15 
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FIG. 3.4: Real part of the refractive index for the 4 nm sample as function of the pboton energy 
obtained with transmission spectroscopy. 

3.5 Crystallization issues 

Exposing an amorphous silicon film to a high-energy laser beam can induce crystallization or 
even ablation of the film. In this work no modifications have been observed in the structure of 
the a-Si:H films used. The maximal laser fluence on the samples was 78 mJ cm-2 when using 
the OPO-system and 156 mJ cm-2 when using the Nd:YAG laser directly to carry out the SHG 
experiments. The laser fluence applied in this work has been compared with laser fluence 
values reported in the literature. In Appendix B this literature study is discussed. 
Crystallization using an excitation wavelength of 1064 nm has only been reported at a laser 
fluence of 120 mJ cm-2 [28] for films with thickness of 450 nm. The appearance of 
crystallization is possibly related to the high absorption coefficient of these films, 
a = 103 cm-1

, which indicates that material of inferior quality has been used in the reported 
study. Combining the literature study with the observation that no modifications in the 
structure of the films occurred, it can be concluded that no crystallization or ablation of the 
a-Si:H occurs at the laser fluences used in this study. 
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Chapter 4 

Results ex-situ SHG measurements 

This chapter focuses on the results of the ex-situ second harmonie measurements performed 
on the samples described in Section 3 .4. The experiments are performed to gain 
understanding of both the macroscopie and microscopie origin of the second harmonie signal 
arising from amorphous silicon thin films. The dependenee of the second harmonie response 
on the polarization, on the rotation of the sample a bout the surface normal and on the angle of 
incidence has been monitored. These parameters give insight in the "symmetry" of the probed 
film and the corresponding nonlinear susceptibility tensor. To reveal the macroscopie origin 
of the second harmonie radiation films with a different thiclmess have been pro bed, both from 
vacuum-film and film-substrate interface. To gain insight in the microscopie origin the photon 
energy of the pump beam has been scanned. Below the results of the variation of all these 
parameters are presented. The i11terpretation is to a large extent postponed to Chapter 5 to 
facilitate comparison ofthe different parameters. 

4.1 Verification of the detection of SH radiation from a-Si:H 

In the ex-situ experiments a signa} has been detected, however to verify that the detected 
radiation is actually second harmonie radiation arising from the amorphous silicon films, two 
initia} tests have been performed. First the monochromator (which has a resolution of around 
1 nrn) placed in front of the photomultiplier is used to determine the wavelength of the 
detected radiation. Only radiation with a wavelength that was exactly half of the wavelength 
of the pump beam could be detected. Furthermore it has been verified that a clean quartz 
substrate did not exhibit any detectable second harmonie radiation. As described in Section 
3.1, residual second harmonie radiation possibly arising from the laser or optica} components 
in the beam path is blocked. It is therefore confirmed that the radiation that has been detected 
is second harmonie radiation generated by the a-Si:H film. 

4.2 Polarization dependenee 

The first parameter that has been investigated is the polarization dependenee of the second 
harmonie radiation. The polarization dependenee is related to the structure of the nonlinear 
susceptibility tensor and gives insight in the "symmetry" of the film probed. The second 
harmonie signal arising from the 4 nm sample has been measured as a function of the input 
polarization of the pump radiation, which had a wavelength of 1064 nm, corresponding to a 
photon energy of 1.165 eV. The sample has been probed from the vacuum-film interface at an 
incident angle of 45°. The input polarization has been varied with the half wave plate placed 
in front of the sample. The output polarization has been set to either S or P-polarization using 
the polarizer behind the sample. Figure 4.1 shows the magnitude of the second-order 
nonlinear susceptibility as a function of the setting of the input polarization in a polar plot. 
The magnitude of the second-order nonlinear susceptibility is proportional to the square root 
ofthe observed intensity, as can beseen in Eq. (2.51). 
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FIG. 4.1: Polarplot of ;i2
) for a) P and b) S-polarized second harmonie signals from an a-Si:H-film 

with a thickness of 4 nm on quartz as a function of the input polarization of the pump radiation. The 
wavelength used is 1064 nm and the laser fluence is 64 mJ cm·2. The sample was probed from the 
vacuum-film interface at an incident angle of 45°. Setting the halfwave plate to 2()= oo or 180° (90° or 
270°) corresponds to an S (P)-polarized input wave. The inaccuracy in the data is approxirnately ± 5%. 

The data presented in Fig. 4.1 contain an inaccuracy. As discussed in Section 3.2 the SH 
signal obtained at different laser pulses has been averaged (typical for 400 laser pulses) to 
increase the accuracy. To estimate the remaining inaccuracy, the reproducibility ofthe second 
harmonie signa} has been investigated. The results of this reproducibility study are shown in 
Section 4.3. The data display a variation of around ± 5%. This variation could for example be 
caused by short-term variations in the intensity of the laser power, small deviations in the 
alignment of the optica} set-up or an inaccurate setting of the monochromator. In the 
remainder ofthis chapter the experimental inaccuracy in J!") is assumed to be around ± 5%. 
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As Fig. 4.1 shows, changing the input polarization results in "flowerlike" shaped polar plots 
for ;f) for both output polarization settings. For P-polarized output the global maximum 
occurs at a P-polarized pump beam, while at a purely S-polarized input a local maximum has 
been observed. For S-polarized second harmonie radiation, maxima are detected when setting 
the half wave plate at the input to 45° or an equivalent angle, such as 135°. This corresponds 
to fundamental radiation with a mixed polarization with equal S and P components. At the 
minima in Fig. 4.1 b arising at a purely S or P-polarized input no second harmonie signal has 
been detected. However due to the background noise the data at these minima are not equal to 
0. As already mentioned in the description of the set-up in Section 3.2, the noise level of the 
background signal distorts the detected signal when only at few percent of the laser pulses or 
at none of the laser pulses second harmonie photons are detected. 

The shape of the polar plot in Fig. 4.1 is representative for all other polarization scans that 
have been carried out. Prohing from the film-substrate interface resulted in similar plots. Also 
the other samples with a thicker a-Si:H film, described inSection 3.4, showed a response with 
a similar polarization signature. The magnitude of the signal for a-Si:H films with a different 
thickness will be treated in Section 4.4. Polarizations scans performed at different pump 
wavelengtbs result in the same jlowerlike signal. In Appendix C full polarization scans for 
pump radiation with a wavelength of 980 nm 1011 nm and 1103 nm (corresponding to a 
photon energy of 1.265 eV, 1.225 eV and 1.124 eV, respectively) are displayed together with 
the result for 1064 nm (1.165 eV) shown in Fig. 4.1. Section 4.5 further focuses on the 
speetral response of the samples. At other angles of incidence (not being 0°) the same 
polarization dependenee of the second harmonie signal has been found. Also signals arising 
from a-Si:H films depositeà on Corning substrates turned out to have the same polarization 
dependence. 

In conclusion, the second harmonie radiation arising from the investigated a-Si:H films has a 
polarization dependenee as shown in Fig. 4.1, irrespective of the parameters such as film 
thickness, pump wavelength, angle of incidence, si de of the sample investigated and substrate 
materiaL 

4.3 Rotatien of the sample about the surface normal 

To gain more insight into the structure ofthe probed film the intensity ofthe second harmonie 
radiation is monitored as a function of the rotation angle of the sample with the surface 
normal as rotation axis. The second harmonie signal has been monitored for the 4 nm thick 
a-Si:H film at three different fixed combinations of input and output polarization, Pin - P out> 
Sin - P out and Mixedin - Soub which are maxima in the polarplot of Fig. 4.1. The sample was 
probed in these measurements from the vacuum-film interface at an angle of incidence of the 
pump radiation of 45°. The wavelengthof the pump radiation was 1064 nm. In Fig. 4.2 the 
magnitude of the second-order nonlinear susceptibility is displayed as function of the rota ti on 
angle of the sample. 

As can be seen in Fig. 4.2 the second harmonie signal does not depend on the orientation of 
the sample. Moreover, rotating samples at other pump wavelengths, with a different film 
thickness, at other angles of incidence or when prohing from the other side of the sample 
results in constant second harmonie signals as well. Consequently, the second-order nonlinear 
optical response ofthe amorphous silicon films is isotropic· as discussed in [12, 13]. 

• lsotropie denotes: having the same appearance at all different azimuths. 
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FIG. 4.2: z2> as a function of the rotation angle of the sample with the surface normal as rotation axis. 
Tbree different polarization combinations have been investigated and data have been taken from the 
vacuurn-film interface of the 4 nm thick a-Si:H film on quartz at an incident angle of 45°. The pump 
wavelength was 1064 nm and the laser fluence at the sample was 64 mJ cm·2• 

At several rotation angles the reproducibility of the SH signa! has been investigated. lt can be 
seen the data display a variation of around ± 5%. As mentioned in the previous Section the 
accuracy in the data presented in this chapter is therefore assumed to be around ± 5%. 

4.4 Thickness dependenee 

The dependenee of the second harmonie signal on the film thickness is measured to gain 
insight into the geometrical origin of the second harmonie radiation. The seven samples 
described in Section 3.4 each with a different thickness (ranging from 4 nm to 1031 nm) have 
been used for this investigation. The signals arising from the thicker samples using the set-up 
described inSection 3.1 hardly exceeded the noise level. Therefore the set-up was modified to 
increase the power of the incident beam. To achieve this, the Nd:YAG laser has been used 
directly to pump the sample. Due to this modification the maximal laser fluence at the sample 
increased by a factor oftwo, i.e. from 78 mJ cm·2 to 156 mJ cm·2• 

The measurements have been carried out for the three polarization combinations described in 
the previous section. The samples have been probed at the vacuum-film interface as wellas at 
the film-substrate interface, in both cases at an angle of incidence of 45°. In Fig. 4.3a the 
magnitude of the nonlinear susceptibility is depicted versus the film thickness with the pump 
beam prohing from the vacuum-film interface. In Fig. 4.3b the results with the pump beam 
incident at the substrate-film interface are depicted. 

Prohing the sample from the film-substrate interface results generally in a slightly higher SH 
signal than when prohing from the vacuum-film interface. The global trend is however similar 
in all cases. Overall the signals decrease for increasing film thickness, although the signal also 
shows some modulation with the film thickness. This modulation can be caused by 
interference within the thin films as will be discussed in Chapter 5. 
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FIG. 4.3: i 2
) versus the a-Si:H-film thickness for three polarisation combinations. The films have been 

probed with a pump wavelengthof 1064 nm, at an incident angle of 45° and with a laser fluence of 
156 mJ cm·2• Data were taken both from a) the vacuum-film and b) the substrate-film interface. The 
lines are guides to the eye. 

The inaecuracy in the SH data is assumed to be around ± 5%. For small seeond harmonie 
signals the sensitivity of the set-up is lower, as already diseussed in Seetion 3.2. The 
inaceuraey in low signals is therefore higher than for signals that signifieantly exceed the 
noise level. At signals that only slightly exceed the noise level, less than 5 seeond harmonie 
photons per seeond ean be deteeted. The inaccuraey is related to the number of deteeted 
photons and ean be as high as± 50%. The estimated inaeeuracies are shown in Fig. 4.3 . To 
inerease the sensitivity of the set-up at a low second harmonie response it would be desirabie 
to change the data aequisition system and turn to single pboton counting. 
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4.5 Speetral dependenee 

The wavelength of the pump beam has been varied to gain understanding in the microscopie 
origin of the second harmonie radiation arising from the a-Si:H films. With the OPO-system 
the wavelength of the pump beam can be varied between 730 nm and 2200 nm. Ho wever due 
to the band width of the high-energy mirrors used in the set-up the range of the accessible 
wavelength is limited between 950 nm and 1150 nm, corresponding toa pboton energy range 
of 1.10 e V - 1.30 eV. The wavelength of the incident radiation has been verified by means of 
a calibrated monochromator (Ocean Opties USB2000) with a resolution of 1 nm. By means of 
the combination of the half wave plate and the polarizer bebind the output of the OPO-system, 
the laser fluence is set to a value of 64 rnJ cm-2 for every measurement. 

The experiments to monitor the speetral dependenee of the second harmonie radiation have 
been carried out with the 4 nm and 9 nm samples, since these samples displayed significantly 
higher signals than the other samples. Measurements have been carried out at both si des of the 
samples, for three polarization combinations and at two different angles of incidence, i.e. 45° 
and 67.5°. In Fig. 4.4 the speetral response ofthe nonlinear susceptibility ofthe 4 nm sample 
is depicted for a pump beam with an angle of incidence of 45°. Results are displayed for the 
three polarization combinations to facilitate the comparison between these combinations. In 
order to compare the speetral response of both samples and to compare the speetral response 
at both angles of incidence, Fig. 4.5 displays all results of the speetral measurements 
performed with the 4 and 9 nm samples at the two different angles of incidence. The speetral 
dependenee is separately shown for the three polarization combinations and for the si de of the 
sample on which the fundamental beam impinged. As discussed in the previous section the 
inaccuracy in the displayed data is± 5%. For signals that only slightly exceed the noise level 
however, the inaccuracy can be as high as± 50 %. 
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a) the vacuum-film and b) the film-substrate interface. The lines are guides to the eye. 
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FIG. 4.5: x(Z) as a function of the photon energy. Measurernents have been perforrned with the 4 and 
9 nrn samples at angles of incidence of 45° and 67.5° in all cases at a laser fluence of 64 mJ crn·2. The 
displayed polarization combination and the interface where the pump beam entered the film are: 
a) Sin- Poul and vacuurn-film, b) Sin- Poul and film-substrate, c) Pin- Pou1 and vacuurn-filrn, d) Pin- Pout 
and film-substrate, e) Mixedin-Soutand vacuurn-film, f) Mixedin- S0u1 and film-substrate. The lines are 
guides to the eye. 
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As can be seen in Fig. 4.4 and 4.5 the general speetral feature is comparable for all 
measurements conducted. For the Sin- Pout and Pin- Pout polarization combinations a gradual 
increase of the second harmonie signa! arises for pump pboton energies between 1.10 and 
1.17 eV. Between 1.17 and 1.21 e V the signal remains relatively constant. At a pboton energy 
of 1.225 ± 0.005 eVa very sharp decrease or "edge" in the signa! appears. At higher energies 
only small features arise and the signa! remains relatively low. The combination of 
Mixedin-Sout exhibits only a small decrease at 1.225 eV. At 1.240 ± 0.005 eV a largerand 
sharper decrease occurs for this polarization combination. The signal for the Mixedin - Sout 
combination remains relatively high between 1.22 and 1.24 eV. This feature does not occur 
for the other two polarization combinations, as can clearly be seen from Fig. 4.4. 

The magnitude of the signals obtained when prohing from the film-substrate interface is in 
most configurations higher, up to a factor of 2, than when prohing from the other interface. 
Only the signals arising from the 4 nrn sample pumped at an angle of incidence of 45° have a 
comparable magnitude for both sides. The overall trend as a function of the wavelength does 
not depend on the probed si de of the sample. Also a different film thickness does not result in 
a change of the shape of the speetral feature, while the magnitude of the signal is comparable 
for both film thicknesses. 

A similar speetral feature has been observed for both angles of incidence that have been used, 
45° and 67.5°. The spectra obtained at an angle of incidence of 45° display a small dip at 
1.165 ± 0.005 eV, this feature arises most clearly from the 9 nrn sample probed from the filrn
substrate interface. This dip is not clearly visible in the spectra for an angle of incidence of 
67.5°. Furthermore increasing the angle ofincidence frorn 45° to 67.5° results in a shift ofthe 
"edge" of 0.009 ± 0.004 eV towards higher energies for the Sin - Pout and Pin - Pout 
polarization combinations. For Mixedin - Sout a shift towards lower energies with a 
comparable magnitude is observed when prohing frorn the vacuum-film interface, no shift 
occurs when prohing from the other interface. In general the speetral dependenee of second 
harmonie radiation depends on the microscopie structure of the probed medium, as discussed 
in Section 2.4. Therefore it is not very likely that the angle of incidence bas an influence on 
the position ofthe "edge". The shift is considered to be an inaccuracy in the pboton energy of 
the applied pump radiation. This inaccuracy can be caused by the resolution of the 
monochromator to verify the output wavelength of the OPO-system or by a slight drift in 
output wavelength itself. 

In conclusion, for all measurement conducted a similar speetral feature arises. Possibly this 
speetral feature is caused by resonant enhancement of the SH signal [7 - 1 0]. As discussed in 
Section 2.4 resonance occurs if the pboton energy of the pump field or the pboton energy of 
the second harmonie field coincides with a real transition in the medium. In Section 5.5 the 
origin of this possible resonance will be discussed in more detail. 

4.6 Normal incidence 

Besides second harmonie experimentsatan angle of incidence of 45° and 67.5° described in 
the previous section, the second harmonie response bas been monitored at an angle of 
incidence of0°, i.e. normal incidence. The experiments at normal incidence have been carried 
out to verify the applicability of the second-order nonlinear susceptibility tensor presented in 
Section 2.1 and consequently to gain insight in the "symmetry" of the probed film. 

The second harmonie measurements at normal incidence have been performed using the 
samples with 4 nm and 9 nm thick a-Si:H with a laser fluence of 64 mJ cm-2

• The optica! set
up described in Section 3.1 bas been modified slightly to make the detection at this special 
angle possible, as depicted in Fig. 4.6. Justin front ofthe sample a bearn splitter is placed at 
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an angle of 45° with respect to the incident laser beam. This beam splitter is designed to 
reflect radiation with a wavelength of 532 ± 40 nm and to transmit radiation with a 
wavelength of over 650 nm. In case second harmonie radiation is generated at normal 
incidence the beam splitter reflects this radiation towards the detector. 

At this angle of incidence no second harmonie signa! has been detected for both samples. 
Prohing from the vacuum-film or film-substrate interface did not have any influence. Also 
changing the polarization combination and pump wavelength did not result in a second 
harmonie signal. Therefore it can be concluded that no secoud bat u1onic radiation can be 
detected from the investigated a-Si:H films at normal incidence. 

4. 7 Silicon oxide 

Finally, experiments have been carried out to excluded the possibility that the detected second 
harmonie radiation is arising from a native oxide layer formed on top of the amorphous 
silicon film, instead of originating from the a-Si:H itself. Second harmonie measurements 
have been performed on crystalline silicon and on thin silicon oxide (SiOx) films deposited on 
top of a crystalline silicon substrate. 

Silicon that is exposed to air will be covered with a native oxide layer. To investigate the 
influence of this native oxide layer, SH measurements have been carried out on c-Si both 
before and right after dipping the c-Si sample in a HF solution. This HF dip was performed to 
remove the native oxide layer. The crystalline silicon that was used was doped with 
phosphorus and had a thickness of0.5 mm. The surface was orientated in the (100)-direction. 

The second harmonie response of this e-S i sample has been monitored befare and after the HF 
dip using a pump wavelengthof 1064 nm at laser fluences ranging from 70 to 160 mJ cm-2 at 
various polarization combinations and at different orientations of the sample by rotating it 
about the surface normaL In all these cases both before and after the HF dip no second 
harmonie signa1 has been detected. 

Furthermore second harmonie experiments have been carried out on SiOx films with a 
thickness of 1030 nm and 80 nm. Again the second harmonie response has been monitored 
with laser fluences between 70 and 160 mJ cm-2, at various polarization combinations and at 
different orientations of the sample by rotating it about the surface normaL The sample with a 
film thickness of 1030 nm did not exhibit a detectable signal at all. For the 80 nm sample only 
at the Pin- P out polarization combination the signa! slightly exceeded the noise level. 
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In summary crystalline silicon, both before and after a HF dip, and thin films of Siüx generate 
no (or hardly any) detectable second harmonie radiation. When comparing these observations 
with the experiments on amorphous silicon films, where much higher signals have been 
detected, it can be concluded that a possible native oxide layer covering the a-Si:H film is not 
very likely to generate these high signals. Already anticipating on the results of in-situ second 
harmonie experiments presented in Chapter 6, it can be concluded that the origin of the 
second harmonie signals has to be the amorphous silicon film itself. 
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Chapter 5 

lnterpretation and discussion of the ex-situ 
results 

In this chapter the results presented in Chapter 4 will be combined and interpreted in detail. 
The interpretation of these results obtained ex-situ will focus on the three issues discussed in 
Chapter 2: The influence of interference effects on the second harmonie signa! and the 
macroscopie and microscopie origin of the second harmonie radiation arising from a-Si:H 
films. 

More specifically, a model to combine SHG and interference effects in thin films will be 
discussed and used for simulations. Furthermore data will be corrected using this model. The 
applicability of the second-order nonlinear susceptibility tensor for a surface with 
oom-symmetry will be confirmed. Finally the microscopie origin of second harmonie radiation 
arising from the a-Si:H films will be discussed. 

5.1 Model for SHG in thin films influenced by interterenee 

In Section 4.4 the dependenee of the second harmonie radiation on the a-Si:H film thickness 
has been presented. Since the bulk of a-Si:H is expected to be centrosymmetric, SHG in the 
bulk of a-Si:H is not likely. The surface and/or the interface are therefore expected to generate 
the SH radiation. When assuming that the properties of the surface and interface do not 
depend on the film thickness, the second harmonie signa! from thick films is expected to be 
basically constant as a function of the film thickness. It has been observed however that the 
detected second harmonie signals seem to show modulation as a function of the film 
thickness. This can possibly be caused by interference effects within the thin films. To 
investigate the influence of interference in thin centrasymmetrie films on the generated 
second harmonie radiation a model has been developed. The goal of this model is to obtain an 
expression for the electric field of the second harmonie radiation outside the film taking into 
account interference effects. The model has two applications. It can be used to carry out 
simulations of the second harmonie radiation arising from thin films. This will be presented in 
Section 5.2. Furthermore the model can possibly be applied to correct experimental second 
harmonie data for interference effects within thin films. In Section 5.3 the correction for the 
thickness series as discussed inSection 4.4 will be presented. 

Basically the model presented in this section consists of the combination of the 
phenomenological description of second harmonie generation, discussed in Section 2.3, and 
the model descrihing interference effects in thin films, presented in Section 2.2. With the 
model for interference in thin films the electric field of the fundamental radiation will be 
calculated at both the vacuum-film and the film-substrate interface. Subsequently the 
phenomenological model will be used to calculate the electric field of the second harmonie 
radiation arising from both interfaces. This second harmonie radiation can also exhibit 
interference, therefore the model for interference in thin films will be applied on the second 
harmonie radiation as well. 
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Consider two centrosymmetric media, a thin film with refractive index n2 and thickness d 
deposited on a substrate with refractive index n3 placed in vacuum, described by n1• The film 
exhibits dispersion, the substrate and the surrounding vacuum are dispersionless, 
n (m)-::;; n (0) and n (m) = n (n). Furthermore a fundamental wave with frequency mis 

2 2 1,3 1,3 

propagating from the vacuum to the film. Since the film is centrosymmetric, second harmonie 
radiation can only be generated at the interfacial regions, i.e. the vacuum-film interface and 
the film-substrate interface. Both the fundamental and the second harmonie radiation will be 
absorbed in the film. The substrate does not absorb any radiation. As mentioned in Section 
2.2, absorption is described by the imaginary part of the refractive index. 

In this system the total reflected second harmonie beam can be split up into three 
contributions. These three contributions are separately depicted in Fig. 5.1. The first 
contribution is second harmonie radiation that is generated at the vacuum-film interface and 
reflected directly back into the vacuum. This contribution is depicted in Fig. 5.1 a. The second 
contribution is second harmonie radiation generated at the vacuum-film interface as welland 
transmitted into the film. This second contribution is shown in Fig. 5.1b. Since this 
transmitted second harmonie radiation generated at the vacuum-film interface propagates 

(a) 

(c) 

(b) 

FIG. 5.1: Fundamental and resulting second 
harmonie radiation emerging from a thin film 
separated into three contributions: a) SH radiation 
generated at the vacuum-film interface directly 
reflected back into vacuum. b) SH radiation 
generated at the vacuum-film interface 
transrnitted into the film. c) SH radiation 
generated at the film-substrate interface and 
reflected back into the film. The SH radiation in 
b) and c) and the pump radiation exhibit 
interference. The film displays dispersion. For 
sirnplicity only radiation that is relevant for the 
model is shown 
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through the thin film, it exhibits interference, which is also displayed in Fig. 5.1b. The third 
contribution is generated at the film-substrate interface and is reflected back into the film. 
Figure 1c shows this contribution. The third contribution propagates through the film as well 
and consequently exhibits interference, which is also depicted in Fig. 5.lc. At the film
substrate interface a fourth "type" of second harmonie radiation is generated, which is 
however transmitted into the substrate and does therefore not contribute to the total second 
harmonie radiation propagating back into vacuum. 

To compute the total reflected second harmonie beam, the three contributions can be 
considered separately. The total second harmonie beam can be reconstructed out of these 
contributions. 

First the second harmonie radiation generated at the vacuum-film interface and reflected 
directly back into the vacuum will be evaluated. To obtain an expression for this first 
con tribution to the total electric field of the reflected second harmonie beam two steps have to 
be performed. First the electric field of the pump wave has to be evaluated just inside the film 
at the vacuum-film interface using the interference model and subsequently the electric field 
of the second harmonie radiation can be calculated by means of the phenomenological model. 

The expression for the fundamental electric field at the vacuum-film interface can be obtained 
from Eq. (2.21). Since the phenomenological model requires the electric field of the pump 

wave just inside the film, expression (2.21) is evaluated at this position, notated as x = o+ : 

k( 2pd ) 'k((2p+2)d) 

E{w (} (w) d x= o+)= """" t rPrP E el cos82(w) + """' t rp+lrp E el cos82(w) 
~ ' 2 ' ' L....p=O 12 23 21 I L....p=O 12 23 21 I 

(5.1) 

In this expression ~( w) is the propagation angle of the fundamental radiation within the film. 
tab and rab are the Presnel coefficients for transmission and reflection introduced in Section 
2.2. k is the wave number in the film. Absorption of the fundamental radiation in the film is 
included in the wave number, since k is related to the refractive index in the film n2 (a 
complex number) by k = n2 w/c. It should be noted that the fieldsin this expression consist 
of two summa ti ons, originating from waves traveling to the left and to the right. 

Now the electric field inducing a polarization at the vacuum-film interface is known, the 
phenomenological model can be applied. Relation (2.50) can be used to find the electric field 
of the first contribution to the total reflected second harmonie beam. This re lation is repeated 
here: 

The different elements in this equation have been explained in Section 2.3. For this 
con tribution the electric field of the pump radiation, E(w) in expression (5 .2), is given by 

Eq. (5.1), since the second harmonie radiation propagates into vacuum i= 1. In the 
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polarization vector e(n) the Presnel coefficient for transmission of the second harmonie 

radiation from the film back into vacuum is included. e(co) incorporates no Presnel 
coefficient since the fundamental wave described by ( 5.1) is already evaluated in the film. 
The propagation angle of the second harmonie radiation in vacuum is equal to the angle of 
incidence as discussed inSection 2.3. 

The first contribution is reflected directly back into the vacuum. Equation (5.2) directly gives 
the expression of the second harmonie field of this contribution just outside the film, notated 

asE
1
)n). 

Turning now to the second contribution, which is second harmonie radiation generated at the 
vacuum-film interface and transmitted into the film, as depicted in Fig. 5.1b. The approach for 
this contribution is similar. First the electric field of the fundamental beam, exhibiting 
interference, will be evaluated just inside the film at the vacuum-film interface. With the 
phenomenological model an expression for the electric field of the second harmonie radiation 
transmitted into the film can be found. Since this second harmonie radiation is propagation 
through the film it can display interference as well. Therefore an additional step is required in 
the evaluation of this second contribution. For this reason the model for interference in thin 
films will also be applied to the second harmonie radiation. 

The starting point for the evaluation of this second contribution, the electric field of the 
fundamental radiation at the vacuum-film interface just inside the film, is already known, it is 
given by Eq. (5.1). 

The electric field of the second harmonie radiation transmitted into the film, notated as 
E

28 
(n), can now be obtained just beyond the interface using the phenomenological model. 

Again expression (5.2) can be used to findan expression for this electric field. For this second 
contribution E(w) in expression (5.2) is given by (5.1). The radiation propagates into the 

film, therefore i= 2. Both e(co )and e(n) in expression (5.2) do not incorporate any Presnel 
correction. The propagation angle of the second harmonie radiation in the film is given by 
relation (2.57). 

Interference of the second harmonie radiation in the thin film can be incorporated using a 
similar approach as in Section 2.2. The second harmonie radiation exhibits multiple 
reflections within the film. Taking into account these multiple reflections results in an 
expression for the electric field ofthis radiation. To obtain the second contribution to the total 
second harmonie beam radiated back into the vacuum, E

18 
(n), this electric field has to be 

evaluated just outside the film in the vacuum, this yields 

x( (2p+2)d) 

E fo_g (O)d x=O-)="""" t rp+lrPE (o.)e' coso2 (n) 
IB \ ' 2 ' ' L....p=O 21 23 21 2B 

(5.3) 

In this relation tab and rab are the Presnel coefficients for transmission and reileetion of the 
second harmonie radiation, introduced in Section 2.2 K is the wave number of the second 
harmonie wave. Absorption of second harmonie radiation in the film is included in the wave 
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number, since K = n20./ c is a complex number. 8.2(0) is the propagation angle of the 

second harmonie radiation within the film, which can be obtained from (2.57). 

Expression (5.3) represents the electric field of the second contribution just outside the film. 
This expression consists of one surnmation representing waves propagating into one direction, 
to the left in the geometry of Fig. 5 .1. 

Finally the third contribution to the total reflected second harmonie beam, which is second 
harmonie radiation generated at the film-substrate interface and reflected back into the film, 
as shown in Fig. 5.1c, will be evaluated. Again the electric field ofthe fundamental radiation 
that exhibits interference will be calculated. Subsequently the electric field of the second 
harmonie radiation radiated back into the film will be computed. Finally the model descrihing 
interference will be applied to the electric field of this second harmonie radiation. 

The fundamental electric field has to be evaluated at the film-substrate interface and can be 
obtained again from Eq. (2.21). Following the sameapproach as for Eq. (5.1), this electric 

field just ins i de the film at the film-substrate interface, x = d- , is given by 

(5.4) 

To obtain the electric field of the second harmonie radiation just inside the film at the film
substrate interface for this third contribution, E

2
c(n.), Eq. (5.2) can be applied again. For 

this third contribution E(m) in expression (5.2) is given by (5.4). Just as for the second 

contribution the radiation propagates into the film, therefore i= 2. Both e(m )and e(n.) in 

expression (5.2) do not incorporate any Fresnel correction. The propagation angle of the 
second harmonie radiation in the film is given by relation (2.57) and is equal to the 
propagation angle of the SH radiation in the film for the second contribution. 

The third contribution to the total second harmonie beam radiated back into the vacuum, 
E

1
c (0.), results after computing the electric field exhibiting multiple reflections within the 

filmjust outside the film in vacuum. This contribution is, analog to expression (5.3), 

'K( (2p+i)d ) 

E fn (} (n) d x= o- )= """' t rP rP E (n)e' cosll,(n) 
IC~ ' 2 ' ' L...p=O 21 23 21 2C 

(5.5) 

Now all three contributions are known the total electric field ofthe second harmonie radiation 
in vacuum in front of the film can be found by adding up the three contributions, 

(5.6) 
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In case the fundamental wave enters the film from the substrate side the electric field of the 
second harmonie radiation in vacuum just outside the substrate can be found in an analogous 
way. It can also be deduced directly from the result obtained above, by substitution of the 
Fresnel coefficients. The coefficients for transmission t12 and t21 have to be substituted by 
respectively t13t32 and t23t31 . The Fresnel coefficients for reileetion r21 and r 23 have to be 
mutually exchanged. 

In the next section the model developed to describe SHG in thin films enhanced by 
interference will be illustrated by simulations carried out with this model. In Section 5.3 the 
correction for the dependenee of the second harmonie radiation on the a-Si:H film thickness 
discussed in Section 4.4, which bas been calculated with this model will be presented. 

5.2 Simulation of SHG in a-Si:H thin films 

With the model introduced in the previous section, the second harmonie radiation generated at 
the interfaces of a thin film can be simulated. In this section simulations are presented to 
illustrate the model and to gain insight into the effects of interference on SHG in thin films. 

In the simulations presented in this section parameters for an amorphous silicon thin film 
deposited onto a quartz substrate as described in Section 3.4 are used. The thickness 
dependenee of the SH radiation and the dependenee of the angle of incidence on the SH 
radiation will be simulated. Furthermore the influence of the fundamental wavelength on the 
intertèrence wiil be investigated. The second-order non1inear susceptibility tensor for a 
surface with oom-symmetry bas been adopted in the simulation. The applicability of this 
tensor for a-Si:H films will be confirmed inSection 5.4. All simulations have been performed 
for the Sin - P out polarization combination •. 

In Fig. 5.2 the calculated intensity of the second harmonie radiation generated by pump 
radiation with a wave1ength of 1064 nm propagating towards the sample at an angle of 
incidence of 45° is depicted as a function of the film thickness. Simulations for both prohing 
from the vacuum-film interface and from the film-substrate interface have been carried out. 
Three situations with a different origin of second harmonie radiation are considered. In the 
first case it is assumed that the signal is generated at both interfaces. In the other two cases 
solely generation at the vacuum-film interface or film-substrate interface bas been considered. 
The magnitude of the second-order non1inear susceptibility at both interfaces bas been 
assumed to be equal. 

It can clearly be seen that the simulated second harmonie intensity strongly depends on the 
film thickness. A slight change in film thickness can result in a significant difference in SH 
intensity. 

As can beseen in Fig. 5.2 the influence of second harmonie generation at the second interface 
decreases with increasing film thickness. This decrease is exponential and is caused by 
absorption of the second harmonie radiation in the film. The difference in the simulated 
values for generation at either both interfaces or so1ely the first interface vanishes for films 
with a thickness of over 100 nm. The con tribution of the second harmonie radiation generated 
at the second interface can be neg1ected for these films . Additionally, also the contribution to 

• At the Sin- Pout polarization combination the second harmonie response is described by a single tensor component. 
For polarization combinations where more tensor components are involved, such as Pin - Pout , assumptions for the 
relative magnitudes are required. Furthermore the reflection and transmission of both the fundamental and the 
second harmonie radialion can be described at this polarization combination by single Fresnel coefficients, in contrast 
to tor example Mixedin-Sout· 
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the total second harmonie radiation of SH radiation generated at the first interface and 
transmitted into the film can be neglected for films with a thickness of over 100 nm due to 
absorption. 
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FIG. 5.2: Simulated P-polarized second harmonie intensity radiated back into vacuum, originating from 
an S-polarized electric pump field with a wavelength of À = 1064 nm prohing an amorphous silicon 
film deposited on quartz from a) the vacuum-film interface and b) the film-substrate interface as a 
function of the film thickness. The angle of incidence was 45°. Simulations for SHG production at 
either both or solely one of the interfaces have been performed. The magnitude of the second-order 
nonlinear susceptibility at both interfaces has been assumed to be equal. 
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The average intensity of the second harmonie radiation generated at either both interfaces or 
solely at the first interface is lower for fundamental radiation incident at the film-substrate 
interface than at the vacuum-film interface, as can be seen by camparing the top parts of 
Fig. 5 .2a and 5 .2b. This difference is caused by the smaller "effective" angle of incidence of 
the fundamental radiation at the film-substrate interface compared to the vacuum-film 
interface. This smaller angle of incidence at the film-substrate interface is caused by 
refraction at the vacuum-substrate interface. The difference in angle of incidence has only 
influence on the first contribution of the total reflected second harmonie radiation in the 
model, directly reflected SH radiation generated at the first interface. As discussed in the 
phenomenological model in Section 2.3 the radiated SH fields are proportional to the 
component of the polarization perpendicular to the direction of propagation of the SH 
radiation. From geometrical considerations it can be deduced that for the considered Sin - P out 

polarization combination and oom-tensor structure this transverse component is equal to: 

(5.7) 

where 8; is the angle of propagation of the second harmonie radiation through vacuum, i = 1, 
or the through the substrate, i= 3. Since both the vacuum and the substrate are assumed not to 
exhibit dispersion, 8; is equal to the angle of incidence at the vacuum-film and film-substrate 
interface. A smaller angle leads to a lower second harmonie intensity in the used polarization 
combination. Note that when the second harmonie radiation is transmitted from the substrate 
into vacuum, due to refraction the angle of propagation in vacuum is equal again for both 
cases. 

By camparing the intensities of the SH radiation generated at the second interface, displayed 
in the bottorn part of Fig. 5.2a and 5.2h, it can heseen that the interference effectsfora pump 
wave incident at the film-suhstrate interface are larger than for a pump wave incident at the 
vacuum-film interface. This difference is not related to the angle of incidence at the second 
interface, since the propagation angle of the radiation in the thin film is the same when 
prohing from the vacuum-film interface and from the film-suhstrate interface. The 
interference effects are larger when prohing from the film-suhstrate interface since the 
magnitude of the fundamental electric field within the film is larger in this case. The higher 
electric field occurs since the Fresnel coefficients descrihing the transmission of fundamental 
radiation into the film at the film-substrate interface are larger than those descrihing 
transmission at the vacuum-film interface. 

For films with a thickness of a few nanometers the second harmonie intensity is maximaL 
This maximal value for very thin films occurs since the fundamental wavelength is large 
compared to the film thickness, the phase of these fundamental waves propagating through 
the film hardly varies between two successive reflections of these waves. Furthermore the 
Fresnel coefficients for reileetion of the fundamental radiation with the considered parameters 
are positive for S-polarized input, which indicates that no phase change occurs upon 
reflection. These two effects result in an enhancement of the fundamental electric field and 
consequently in an enhancement of the generated second harmonie field. 

The influence of the angle of incidence of a pump wave prohing the vacuum-film interface is 
depicted in Fig. 5.3 . The second harmonie intensity is shown as a function of the angle of 
incidence of fundamental radiation with a wavelength of 1064 nm for films with a thickness 
of 4 nm, 1000 nm and 1031 nm. It can be seen that the second harmonie radiation vanishes at 
normal incidence. Furthermore it can clearly he seen that a different film thickness can result 
in a significant change in SH intensity, as already concluded from Fig. 5.2. 
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FIG. 5.3: Simulated P-polarized SHG intensity as FIG. 5.4: Simulated P-polarized SHG intensity as 
a function of the angle of incidence, for a function of the pump wavelength, for 
S-polarized fundamental radiation with a S-polarized fundamental radiation incident at the 
wavelength of 1064 run incident at the vacuum- vacuum-film interface at 45° for three different 
film interface for three different film thicknesses, film thicknesses, 4 run, 1000 nm and 1031 run. 
4 nm, 1000 nm and 1031 run. 

Fig. 5.4 shows the simulated second harmonie intensity as a function of the fundamental 
wavelength for films with a thickness of 4 nm, 1000 nm and 1031 nm, probed from the 
vacuum-film interface at an angle of incidence of 45°. It should be noted that the magnitude 
of the second-order nonlinear susceptibility tensor has been kept constant for all wavelengths. 
The speetral dependenee of the tensor has not been taken into account, since the simulation 
has been carried out to gain insight in the interference effects. 

For the 4 nm thick film the wavelength of the pump beam has a much lower influence on the 
varia ti on of the SHG intensity than for the 1000 nm and 1031 nm films. This is caused since 
the wavelength of the radiation is large compared to the film thickness of 4 nm. The average 
signa! for the 4 nm film is higher than for the 1000 nm and 1031 nm films. As discussed 
above enhancement of the signa! is at a maximum for a film of a few nanometers with 
S-polarized input. The intensity decrease for increasing wavelengtbs is caused by dispersion, 
resulting in different Presnel coefficients. From the simulations shown in Fig. 5.4 carried out 
for the 1000 nm and 1031 nm films it can be seen that for thick films a relatively small 
change in wavelength can result in a significantly different SH intensity. 

It should be noted that the simulations presented in this section have been carried out 
assuming ideal conditions described in Section 2.2. In reality, variation of the intensity of 
second harmonie radiation due to interference effects will probably be lower. This will be 
considered in more detail in the next section where the thickness series presented in Section 
4.4 will be corrected by means of the model. 

5.3 lnterpretation of the thickness series and correction for 
interterenee effects 

In this section the observed dependenee of the second harmonie signa! on the a-Si :H film 
thickness will be discussed and compared with the simulations presented in the previous 
section. The second harmonie signal as a function of the a-Si:H film thickness presented in 
Section 4.4 seemed to show some modulation, which could possibly be caused by interference 
effects. Therefore a correction ofthe data using the model for SHG in thin films influenced by 
interference will be presented. 
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The dependenee of the SH signal on the a-Si:H film thickness gives insight into the 
macroscopie origin of the SH signal. Due to the centrasymmetrie bulk of a-Si:H, the 
interfaces are expected to generate the SH radiation. In case bulk SHG did play a dominant 
role an increasing signal for films up to a few hundred nanometers foliowed by a constant 
level for thicker films is expected. This has not been observed in any of the data sets. Since 
measurements performed at both sides of the sample resulted in a signal for thin as well as 
thick films it is likely that second harmonie generation takes place at both interfaces. In case 
the second harmonie radiation would be generated at only one of the interfaces, this radiation 
could not be detected when prohing thick films from the other interface due to absorption of 
the second harmonie radiation in the film. 

The second harmonie signal as a function of the a-Si:H film thickness, presented in Section 
4.4, is relatively large for very thin films. This effect has also been observed in the simulation 
presented in the previous section. It has been discussed that for very thin films enhancement 
of the second harmonie signal due to interference occurs in the considered wavelength range 
and polarization combination. Furthermore the influence ofboth SH radiation generated at the 
second interface and reflected back into the film and SH radiation generated at the first 
interface and transrnitted into the film decreases with increasing film thickness due to 
absorption in the film. For an a-Si:H film with a thickness of over 100 nm these contributions 
to the total second harmonie radiation can be neglected. 

The observed varia ti on in the SH signal for films with thickness of over 100 nm can be 
explained by interference effects as well. The absorption of the fundamental radiation within 
the film is significantiy lower than absorption of the SH radiation, therefore multiple 
reflections of the fundamental radiation occur also in thick films. Interference of the 
fundamental radiation can therefore modulate the SH signa! for thick films. It can be 
concluded that interference effects are a possible cause for the observed dependenee of the 
second harmonie signa} on the a-Si:H film thickness. 

Therefore it has been attempted to correct the second harmonie data as a function of the a
Si:H film thickness for interference effects using the model that combines SHG with 
interf erenee effects in thin films. The correction consists of two steps. First predictions for the 
second harmonie intensity have been computed with the model for every film thickness. 
Subsequently the experimental data have been scaled by means of these values. Corrections 
have been performed for the case assuming second harmonie generation occurring at both 
interfaces as well as for the hypothetical case consirlering SHG only at the interface where the 
pump beam is transmitted into the film. The corrected values for SHG arising solely from the 
second interface have not been taken into account, since detecting second harmonie radiation 
generated at the second interface is unlikely to occur for thick a-Si:H films, as already 
mentioned above. When assurning that the surface properties do not depend on the film 
thickness, the corrected data are expected to be basically constant as a function of the film 
thickness. In Fig. 5.5 the results of the correction carried out for the S-polarized input and 
P-polarized output combination are shown tagether with the original data. 

The corrected data still vary as a function of the film thickness, as can be seen particularly in 
Fig. 5.5b. The fact that the corrected values are not constant can have several reasons. The 
assumption that the surface properties do not depend on the film thickness could be wrong, 
especially at very thin films. In a very thin film the nucleation process could for example be 
unfinished, leading to an inhamogeneaus film structure. 
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FIG. 5.5: z2
) as a function ofthe a-Si:H-film thickness for both corrected data and original 

experirnental data. The corrected values have been calculated for two cases: assurning SHG at both 
interfaces as well as at the interface where the pump beam enters the film. The original data were taken 
from a) the vacuurn-film and b) the substrate-film interface. The lines are guides to the eye. 

Furthermore the data can be over-corrected. In Fig. 5.5 it can beseen that this seems to occur. 
The position of maxima and minima in the data set appears to be reversed, as is visible in 
Fig. 5.5a. ûverestimating the interference effectscan cause this over-correction. In the model 
it is assumed that the interfaces are perfectly parallel. In reality the thickness can differ from 
spot to spot, such that the interference effects are decreased. Surface roughness is not taken 
into account in the model. Scattering due to this roughness reduces the intensity of the 
reflected radiation and reduces the interference effects as well. 

The simulated values have been computed using the film thickness experimentally obtained 
by means of transmission spectroscopy, described in Section 3.4. These transmission 
spectroscopy data contain a possible error. Furthermore, the thickness of the film can be 
different at the spot where transmission spectroscopy data have been taken than at the spot 
where SHG has been carried out. Using inaccurate values for the film thickness to compute 
the corrections can seriously distart the result. In Section 5.2 it has been discussed that the 
inference effects arising when prohing from the film-substrate interface are larger than when 
prohing from the vacuum-film interface. The corrected values in case of prohing from the 
film-substrate interface are therefore more sensitive to accurate input data for the film 
thickness. For example the corrected value of i 2

> for the 30 nm sample probed from the film
substrate interface is significantly higher than the other corrected data. 

To investigate the influence of the accuracy of the film thickness on the correction, the 
experimental data have been corrected a second time using a slightly different film thickness 
as a starting point. Instead of 4, 9, 30, 98, 177, 289 and 1031 nm, 4, 6, 18, 102, 177, 310 and 
1040 nm have been used. The results of this correction are depicted in Fig. 5.6. As can be 
seen this correction results in a data set that is more constant than the corrected data depicted 
in Fig. 5.5 . 
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FIG. 5.6: As Fig. 5.5a and Fig. 5.5b with different values for the film thickness used in the simulation. 
Insteadof 4, 9, 30, 98, 177, 289 and 1031 run, 4, 6, 18, 102, 177, 310 and 1040 nmhave been used. 

In conclusion, most likely the observed SH radiation originates from both the vacuum-film 
and film-substrate interface. Interference effects can be a possible cause for the thickness 
dependenee of the experimental SH data. The performed corrections however strongly depend 
on the accuracy of the data for the film thickness and ideal conditions have been assumed in 
the applied model. Another cause for the varia ti on of both the corrected and uncorrected SH 
signals as a function of the film thickness could be a relation between film thickness and 
surface properties. 

5.4 Verification surface tensor 

In the previous section it has been concluded that the second harmonie signa! is generated at 
both interfaces. Accordingly, the second harmonie response is described by a second order 
nonlinear surface susceptibility tensor. In Section 2.1 and Appendix A the nonlinear surface 
susceptibility tensor for a medium with oom-symmetry has been introduced. Can the 
applicability of this tensor for the examined film be justified by the experiments? To answer 
this question, the data obtained while rotating the sample about the surface normal as well as 
the results of the polarization scans and the results of the experiment performed at normal 
incidence will be analysed and compared to the general second order nonlinear susceptibility 
tensor, in order to identify the tensor components that necessarily vanish or are related to 
other components. 

Below the general tensor given in (2.1) is repeated. In Fig. 5.7 the reference frame for the 
coordinates used in the tensor is shown, 

[ x<'l x<2) x~! x(2) x~ x<'l] 
x(2) = xw 

xyy xyz 

x(i) . x<2) x<2) x<2) x<2) (5.8) 
yk yxx yyy y;:z yyz yxz Y-'Y 

x~ x<z) (2) x<2) x~ x~} zyy xzzz zyz 
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FIG. 5.7: Reference frame defming the coordinate axis used in expression (5.8). 

As described in Section 4.3 rotating the sample about the surface normal, the z-axis in 
Fig. 5.7, resulted in a constant SH signal. lt has therefore been concluded that the second 
harmonie response ofthe a-Si:H is isotropie in the plane ofthe film. Consequently the second 
order nonlinear susceptibility tensor has to be indifferent to these rotations as well. 

The tensor can be simplified by consiclering rotations over 180° and 90°. When rotating the 
sample over 180° both in-plane coordinate axes, x and yin Fig. 5.7, are inverted. Since the 
tensor has to be indifferent to this operation, tensor components where the sum of x and y in 

the index is odd necessarily have to vanish, because x à;.) = -xW forthese components. This 

symmetry opera ti on results in the following intermedia te structure of the tensor 

(5.9) 

A rotation over 90° changes x-components into y-components and the y-components into 
-x-components consequently %(2

) =-z(2
), z(2

) = x(2
) z(2

) = x(2
) and x(2

) = -z(2
). It 

' xyz yxz zxx zyy ' xxz yyz zxy zyx 

is irrelevant however in which order the last two indices appear, as discussed inSection 2.1, 

thus %(2
) = z(2

). Therefore the latter tensor component vanishes as well, i.e. z(2
) = 0. 

zxy .zyx zxy 

The last simplification of the tensor follows from the polarization scan. It has been observed 
that no second harmonie radiation occurred at a polarization combination of Pin - Sout· In 
Fig. 5.7 it can be seen that S-polarization corresponds to an electric field with only a 
component in the y-direction. P-polarization corresponds to an electric field with components 
in the x and z-directions. A tensor component that corresponds to a polarization combination 
of Pin - Sout should therefore have a y as first index and an x or z as second and third index. 

The only tensor component that is left and satisfies these requirements is x(2
). Since no 

yxz 

second harmonie radiation has been detected at this polarization combination x(2
) = 0 and 

yxz 

therefore z(2
) = -z(2

) = 0. 
xyz yxz 
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The resulting secend order nonlinear susceptibility tensor is therefore 

x;;J = [ ~ 0 0 0 x(2) 

~J 
xxz 

0 0 x(2) 0 (5.10) 
yyz 

x(2) x(2) x(2) 0 0 zxx ZY.Y zzz 

with x(2) = x(2) and x(2) = x(2). 
zxx ZY.Y xxz yyz 

This tensor is the tensor for media with oom-symmetry proposed in Sectien 2.1. The tensor is 
uniquely determined by the experiments analysed above. As an illustration the 
correspondence to other experiments will he shown below. 

The structure of the tensor resembles with the measured jlowerlike curves shown in Sectien 
4.2. Every maximum or minimum can be explained by the different elements of the tensor, 
this is displayed in Table 1. Consider for example the combination Sin - P out. where the 
experimental data display a local maximum. This combination can be analysed analogously to 
the discussing above. The electric field for an S-polarized pump beam has only a component 
in the y-direction. Since only P-polarized secend harmonie radiation is detected, the electric 
field of this radiation must have components in the x and!or z-direction. Consequently 
possible tensor components responsible for the signa} at this polarization combination have an 
x or z as first index and a y as second and third index. The only component that satisfies this is 
Xz.w· The other rows in the table follow from similar considerations. 

TABLE 1: Comparison of the second order nonlinear surface susceptibility tensor for media 
with oom-symmetry with the polarization scans from Section 4.2. For six polarization combinations the 
corresponding position in the curve is shown together with the tensor cornponents corresponding to the 
considered polarisation combination. 

input-output position in tensor component 
polarisation curve 

S-P maxtmum Xzw 
P-P maximum Xz= Xzzz, _Xxxz 

Mixed- P mtmmum Xz= Xzvv, Xzzz, Xxxz 
S-S 0 -
P-S 0 -

Mixed- S maximum X.YYZ 

The measurement performed at an angle of incidence of 0° corresponds to the tensor as well. 
In this experimental configuration no second harmonie signa} has been detected, as presented 
in Sectien 4.6. At normal incidence the electric field of the incident pump wave as well as the 
possibly generated second harmonie wave are necessarily oriented parallel to the surface, 
since the electric field and the direction of propagation of a wave are perpendicular. 
Accordingly none of the electric fields in the input or output has a z-component. Every non
zero tensor component in the tensor for oom-symmetry however describes SHG where at least 
one of the electric fields is oriented in the z-direction. Therefore the observation that no 
second harmonie radiation has been detected at normal incidence is consistent with the tensor. 
Consequently the three observed effects justify the application of the second order nonlinear 
susceptibility tensor for a surface with oom-symmetry for amorphous silicon films. 
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FIG. 5.8: Experimental geometry with dipoles at the surface of an amorphous silicon film oriented 
a) perpendicular or b) parallel with respect to this surface. 

The isotropie origin of the SR signal implies that the "adsorbates" that generate the signal are 
isotropically distributed in the plane of the film. The experiments carried out yield more 
information about the possible orientations of "adsorbates", as will be illustrated in the 
remainder oî this section. For simplicity it is assumed that the SH signal is soldy generated 
by dipoles at one of the interfaces. The two extreme orientations of dipoles are schematically 
shown in Fig. 5.8, i.e. all dipoles orientated perpendicular or parallel to the surface. In both 
situations the "adsorbates" are isotropically distributed in the plane ofthe film. 

Dipoles can only be excited when the electric field of the pump beam bas a component 
parallel to the axis of the dipole. Dipoles oriented exactly perpendicular to the film surface 
can therefore only be excited by an electric field in the z-direction. This means that the only 
tensor component that can contribute to the SR signal is Xzzz· This signal only occurs at 
P-polarized input and output. Other polarization combinations would not result in a signal. 
From the polarization dependenee depicted in Fig. 4.1 it can be seen that this is not the case. 
In the other extreme orientation, all dipoles lying in the surface plane, only the x and 
y-components of the electric pump field can generate a SR signal. Therefore solely X= and 
X.zw can contribute to the signal. Consequently no S-polarized output would be detected, 
which is in contradiction as well with the results shown in Fig. 4.1. Concluding, when 
assuming that the SR-signal is arising :from dipoles at the film surface, the net orientation of 
these dipoles bas both a component perpendicular and parallel to the surface. 

5.5 Microscopie origin of the detected SH radialion 

In this section the microscopie origin ofthe second harmonie radiation arising :from the a-Si:R 
films will be discussed. The speetral experiments presented in Section 4.5 have been carried 
out to gain insight in the microscopie origin of the second harmonie radiation. To our 
knowledge speetral second harmonie experiments on a-Si:R have not been reported up to 
now. 

Most likely the speetral features shown in Fig. 4.4 and Fig. 4.5 are caused by resonant 
enhancement of the SR signal. As discussed in Section 2.4 resonance occurs if the pboton 
energy of the pump field or the pboton energy of the second harmonie field coincides with a 
real transition in the medium. To identify real electronic transitions that are possible at the 

------
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surface of a-Si:H, a detailed description of the band structure of a-Si:H is required. Several 
roodels descrihing the density of states of a-Si:H have been developed recently [29 - 32]. The 
simulations performed with these roodels do not yet reveal the electronic structure of the 
surface of a-Si:H in detail. Consequently, it is difficult to associate these roodels to the 
observed speetral features. Therefore the results are compared with results from speetral 
second harmonie generation on crystalline silicon reported in the literature and already briefly 
mentioned in the introduetion of this report. The electronic structure of c-Si is much better 
known and displays similarity with the electronic structure of a-Si:H. The structure of this 
section is as follows: First the band structure of c-Si will be presented. Subsequently the 
speetral SHG observations on c-Si reported in the literature and the electronic transitions that 
are responsible for these observations will be discussed. After that the microscopie origin of 
the second harmonie radiation arising from the a-Si:H films will be discussed, using the 
knowledge about c-Si as a "model". Finally, the only SHG experiment on a-Si:H reported in 
the literature up to now will be discussed in more detail [1, 2], although the speetral 
dependenee of the second harmonie radiation bas not been investigated in that work. 

In the case of silicon (and most other semiconductor) surfaces resonant optica! transitions 
with visible and near infrared frequencies arise from the presence of surface states. A diagram 
of the projected bulk bands and the most prominent occupied (St. S2, S3) and unoccupied 
CUt. U2) surface states of the Si(111)7x7 reconstruction is displayed in Fig. 5.9, which is 
taken from [7]. The surface states are schematically represented in Fig. 5.9 as lines. It should 
be noted that these surface states are actually in reality bands with a certain width. The 
displayed surface states correspond to the (111)-face of c-Si, which is the natura! cleavage 
plane with the lowest surface tension. Several surface reconstructions are possible, such as the 
so-called 7x7- reconstruction [33, 34]. Intheinset in Fig. 5.9 the side view of a unit cell in the 
7x7-reconstruction is shown in part. A 7x7-unit cell bas 12 adatoms with partially filled 
dangling honds that lead to a metallic character of the surface. These states are indicated 
schematically in Fig. 5.9 by the band S/U1• Due to charge transfer from the adatoms to the 6 
rest atoms in the unit cell, the latter have fully occupied dangling honds and give rise to the S2 

state. Uz and S3 designate surface states that are localized at the backhonds of the adatoms to 
the rest atom layer. A more detailed description of these surface statescan be found in [33]. 
All possible transitions between occupied and unoccupied surface states are "candidates" for 
causing resonant SHG on c-Si. 

The speetral second harmonie response of c-Si and the transitions that cause this speetral 
dependenee have been reported by Höfer [7], Pedersen and Morgen, [8, 9] and Daum [10]. 
Höfer and coworkers have performed speetral second harmonie experiments on clean and 
hydrogen covered crystalline silicon surfaces in both the (111) and (100) orientation. The 
results ofthe experiments on crystalline silicon surfaces in the (111) orientation are displayed 
in Fig. 5.10. Pedersen and Morgen have measured second harmonie radiation from 
Si(111)7x7 as a function of the pboton energy. The results of Pedersen and Morgen are 
depicted in Fig. 5.11. The spectra for Si(111)7x7 obtained by Höfer and by Pedersen and 
Morgen display similar features and will be discussed simultaneously. 

The spectrum in Fig. 5.10 for the clean sample reveals two resonant structures, a peak at a 
pump pboton energy of 1. 7 e V and a broad feature below 1.5 eV. The spectrum in Fig. 5.11 is 
similar as compared to the spectrum in Fig. 5.10 for pboton energies above 1.3 eV, the peak 
centeredat 1.7 eV is observed in both spectra. The broad feature however is not seen in Fig. 
5 .11. Instead two different peaks can be distinguished at 1.15 and 1.3 e V in Fig.11. As 
already mentioned the origin of both spectra can be related to the band structure of c-Si 
depicted in Fig. 5.9. 
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FIG. 5.9: Taken from [7]: Schematic band 
structure of Si(111)7x7 in an extended Brillouin 
zone. The shaded areas indicate the projected bulk 
valenee and conduction bands. Occupied and 
unoccupied surface states are denoted by s" s2, 
S3 and Ut. U2, respectively. The inset at the 
bottorn shows a side view of part of the 7x7-unit 
cell. The adatorns (A) have partially filled 
dangling honds and give rise to the surface band 
S/U1; the dangling honds of rest atorns (R) are 
filled and form the band s2 
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FIG. 5.10: Taken from Höfer [7]: Pump pboton 
energy dependenee of i 2

) for clean and hydrogen 
passivated Si(lll) surfaces. Both the fundamental 
and the second harmonie radiation are 
S-polarized. The measurements have been 
performed in UHV. A Titanium-Sapphire 
femtosecond laser provided the pump radiation. 
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FIG. 5.11: Taken from Pedersen and Morgen [8]: Second harmonie signa} from Si(lll)7x7 as a 
function ofthe pump pboton energy. 
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To identify the specific surface states that are responsible for the different peaks in the bath 
spectra, Höfer and Pedersen and Morgen carried out additional experiments. Höfer showed 
that the braad feature of clean Si( 111 )7x7, that extends in Fig. 5.10 from 1.5 e V below the 
accessible photon energy range, completely disappears if hydragen is adsorbed. Between 
1.15 e V and 1.3 e V the nonlinear susceptibility shown in Fig. 5.10 has been reduced almast 
by a factor of 10, which leads to a dramatic decrease of the measured signa}, proportional to 
1x<2>j2, by a factor of 100. lt is therefore concluded that the origin of this feature is aresonant 
enhancement of SHG invalving dangling bond states. These dangling bond states are 
quenched upon hydragen adsorption. The influence of hydragen adsorption on the second 
harmonie signal was already shown in the introduetion in Fig. 1.3. 

The dangling bond states that are responsible for the observed resonance below 1.5 eV should 
have an energy difference that corresponds to either a pump photon energy range of around 
1.15 eV - 1.4 eV or a second harmonie photon energy range of around 2.3 eV - 2.8 eV. 
Possible "candidates" are transitions from S2 to U 1 associated with the fundamental photon 
energy and transitions from S3 to U1 and from S2 to U2, which might correspond to resonances 
for SH photon energies around 2.3 eV. To investigate the possible influence ofthe S3 - U1 and 
S2 -U2 transitions Pedersen and Morgen performed SH measurements with a frequency 
doubled pump beam at 2.36 and 2.5 eV and observed relatively low SH signals. 
Consequently, it was concluded that the resonance below 1.5 eV in the spectra shown in Fig. 
5.10 and 5.11 is caused by trans i ti ons associated with the fundamental photon energy from 
the rest atom dangling bond state S2 to the adatom dangling bond state U1 above the Fermi 
level EF. The presence oftwo distinct peaks at 1.15 and 1.3 eV that can beseen in Fig. 5.11 is 
caused by the intemal structure of these states. 

The peak at 1.7 eV is identified as a resonance associated with the second harmonie photon 
energy that almast coincides with the E1-transition between the valenee and conduction band 
of bulk silicon at 3.4 eV, previously reported by Daum et al. [10]. These transitions take place 
in a strained surface layer, where the centrasymmetrie bulk structure is distorted. Under the 
applied experimental geometry, with S-polarized fundamental and second harmonie radiation, 
the signal is likely to be dominated by the S3-U2 transition between the bonding and 
antibonding states of adatom backbon ds. As can be seen from Fig. 5.10 this resonance 
exhibits relatively little sensitivity on adsorbed hydrogen, because the 7x7 surface structure 
remains intact for moderate exposures. 

Besides experiments with the surface of Si(111)7x7, speetral second harmonie experiments 
with the surface of Si(001) [7] and the interface of Si!Si02 [10] have been reported. Second 
harmonie experiments with Si(lOO) surfaces revealed camparabie speetral features as the 
experiments with Si(111). Covering clean Si(lOO) surfaces with hydragen does not only 
reduce the signa} below a photon energy of 1.5 eV, but also reduces the peak at 1.7 eV. The 
reduction of the peak at 1.7 eV is probably associated with the relaxation of strained 
asymmetrie dimers of the clean surface into a symmetrie contiguration upon hydragen 
adsorption. 

Speetral second harmonie experiments on the Si/Si02 interface have been reported by Daum 
and coworkers [10]. They performed speetral SH measurements to characterize the Si/Si02 

interface using crystalline silicon samples with a layer of Si02 grown by means of chemica! 
oxidation. Similar to the experiments with clean c-Si, a resonance in the spectrum has been 
found at around 3.3 -3.4 eV. This feature is also identified as a second harmonie resonance 
due to the E1 direct optica} gap transition, taking place in a strained layer of a few atomie 
layers of Si at the interface, where the centrasymmetrie bulk structure is distorted. 

From the observations reported for c-Si it can be concluded that aresonant SHG signal occurs 
if the photon energy of the pump field or the photon energy of the second harmonie field 
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coincides with a real transition in the medium. These transitions arise from surface states that 
originate from dangling honds or reconstruction-induced honds, such as honds in strained 
surface or interface layers. 

Returning to the speetral features arising from amorphous silicon thin films in the present 
work. The resonance in the speetral second harmonie experiment has been observed for a 
pump pboton energy ranging from around 1.15 to 1.225 e V, corresponding to a second 
harmonie pboton energy between approximately 2.30 and 2.45 eV. Therefore transitions 
between states with an energy difference within these pboton energy ranges can be 
responsible for the observed resonance. Using the knowledge about c-Si, several possible 
transitions that might explain the observed resonance for a-Si:H will be discussed. 

First consider resonance associated with second harmonie photons. The pboton energy of 
these photons exceeds the band gap of bulk a-Si:H, which has a value of 1.65 eV. Transitions 
between the valenee and conduction band of the bulk of a-Si:H might in principle be in the 
considered range of2.30- 2.45 eV. However due to the centrasymmetrie structure ofthe bulk 
the observed resonance cannot be caused by bulk transitions. 

At the vacuum-film and film-substrate interface the bulk structure is distorted. In case of 
crystalline silicon a resonance due to the di stortion of the bulk structure occurred. Transitions 
between the S3 and U2 surface states resonantly enhanced the SH signa! at a SH pboton 
energy of 3.4 eV. The presence of an optica! transition related toSi-Si honds with an energy 
difference of around 3.4 - 3.6 eV is known for a-Si:H. This transition has been revealed by 
linear optical techniques such as spectroscopie ellipsometry [35] . It is therefore not unlikely 
that similar bulk related transitions as reported for c-Si occur for a-Si:H. The resonance that 
has been observed in this work can however not be explained by this bulk related transition, 
since the range of the second harmonie pboton energy does not correspond to the energy 
difference of this transition. 

Two other "candidates" that might cause the resonance could be similar transitions as the 
transitionsin c-Si between the S3 and U1 and between the S2 and U2 surface states. The energy 
difference between S3 and U1 and between the S2 and U2 might correspond to the detected SH 
pboton energies. But in case of c-Si it has been shown that the transitions between these 
surface states play a minor role, which could possibly also be the case for a-Si:H. 

The resonance observed for a pump pboton energy between 1.15 and 1.225 e V could possibly 
correspond to transitions between surface states within the band gap of a-Si:H. The pump 
pboton energy range coincides with the energy range where resonance due to transitions 
between the S2 and U 1 surface dangling bond states has been observed in case of crystalline 
silicon. lt is not unlikely that similar transitions as in c-Si occur in a-Si:H. The comparison 
with c-Si might indicate that the observed resonance could be explained by dangling bond 
transitions at the surface and interface. 

The shape of a resonant speetral feature is related to the structure of the states between which 
the transitions, that are responsible for this feature, occur. Transitions between broad bands 
result in a broad speetral feature with slowly decaying edges. In the observed spectrum 
however a sharp edge arises around 1.225 eV, which could suggest that one of the states 
involved in the transition has a well-defined energy. Generally, states in a-Si:H are broader 
and less well defined compared to c-Si. Therefore it seems striking that a sharp edge has been 
observed for the a-Si:H films, since cases of resonant SHG in e-S i reported in literature, such 
as observed by [7 - 1 0] do not display a sharp edge in the speetral dependenee of the second 
harmonie radiation. On the other hand, the total SH spectra of the a-Si:H films show a shape 
that is similar to the 1.15 eV resonance peak of Si(111)7x7 reported by Pedersen and 
Morgen[8], apart from the fact that the peak position is 0.05 eV blue-shifted. This can beseen 
in Fig. 5 .12, where the spectra for the a-Si:H film with a thickness of 9 nm for the P;n - P out 
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FIG. 5.12: x<2> for the 9 run sample as a function of the pboton energy for the Pin- Pout polarization 
combination at an incident angle of 45° probed from both the vacuum-film and the film-substrate 
interface together with the data obtained from Si(l11)7x7 as reported by Pedersen and Morgen [8]. The 
lines are guides to the eye. 

polarization combination are shown tagether with the data reported by Pedersen and Morgen. 
The small shift in the peak position can possibly be due to a difference in the local network 
structure of the a-Si:H and c-Si. For example, ellipsometry measurements reveal that the 
optical transition related to bulk Si - Si bonds in the a-Si:H film is blue-shifted from around 
3.4 eV to 3.48 eV [35]. 

In conclusion, assuming that the comparison with c-Si is legitimate, the observed speetral 
dependenee of the second harmonie radiation from a-Si :H films in the present work is 
possibly caused by a resonance due to transitions invalving dangling bond surface or interface 
states in the band gap of a-Si:H. 

Finally, the only SHG experiment carried out on a-Si:H that has been reported in the literature 
up to now will be discussed in more detail [1, 2]. Alexandrova and coworkers performed ex
situ second harmonie experiments at several angles of incidence on amorphous silicon films 
with a thickness of 125 nm. The films have been deposited by means of a radio-frequency 
glow discharge at two temperatures, 150 oe and 240 oe, and on different substrate materials, 
soda lime glass, coming glass and quartz. Unfortunately the relation of the second harmonie 
response on sample orientation, film thickness and pump wavelength has not been examined. 
Only purely P-polarized and S-po1arized fundamental and second harmonie radiation have 
been considered. The fundamental wavelength was 1064 nm, corresponding to a pboton 
energy of 1.17 eV. Only the polarization combination Pin- Pout at samples with a soda lime 
glass or coming substrate resulted in a signal that exceeded the noise level. This can possibly 
be attributed to insufficient sensitivity of their set-up for the lower signal in the polarization 
combination Sin - P out· Nevertheless, on basis of these observations Alexandrova concluded 
that the second harmonie response originates from a transitional strained layer of the 
amorphous silicon film close to the substrate. It is stated that the total stress consists of 
thermal stress and intrinsic stress. Intrinsic stress is related to the structure of the film and 
therefore on the deposition conditions. The thermal stress appears when cooling down the 
films due to the difference in thermal expansion coefficient. The condusion is based on a 
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camparisen between the thermal stress in the interface region for the different substrate 
materials. Samples with a quartz substrate hardly displayed thermal stress and did not display 
second harmonie radiation. Alexandrova attributes the intrinsic stress to the local strain of 
Si - Si bonds and the film-substrate mismatch strain. At higher deposition temperatures a 
higher amount of intrinsic stress is incorporated in the film. It has been observed that the films 
deposited at 250 oe exhibited a higher SH signa!. 

Since only the polarization combination Pin - P out resulted in a signa! that exceeded the noise 
level, we expect that their observations for the a-Si:H films indicate the same m-symmetry 
class corresponding with an isotropie surface. The condusion drawn by Alexandrova that the 
secend harmonie signa! originated from a strained layer at the film-substrate interface seems 
to be somewhat premature since no speetral SH information was available. As discussed 
earlier in this sectien resonant enhancement of the secend harmonie signa! due to strained 
silicon bonds in a-Si:H is more likely to occur at a secend harmonie pboton energy of 
3.4 eV - 3.6 eV. When consiclering the pump pboton energy of 1.17 eV applied by 
Alexandrova, it seems to be more plausible that the detected secend harmonie radiation is 
related to dangling bond states. The proposed strained layer at the interface might, besides 
strained silicon bonds, incorporate a modified distribution of dangling bonds compared to the 
bulk of the materiaL 
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In this chapter the preliminary second harmonie experiments that have been performed in an 
UHV set-up are presented. These in-situ second harmonie generation measurements are 
implemented both statically and dynamically. The static experiments, consisting of 
polarization and speetral scans, have been performed to characterize the surface properties of 
the deposited films and to verify that the results obtained ex-situ are actually arising from the 
amorphous silicon films. The dynamic experiments, reai-time monitoring of amorphous 
silicon deposition and etching processes are, as discussed before, the ultimate application of 
SHG within this research. Both the dynamic and the static experiments presented in this work 
have been performed to verify the feasibility of in-situ SHG on amorphous silicon films. 
Although being in an initia! status these experiments already yield several preliminary results 
and conclusions. First the experimental set-up will briefly be introduced. 

6.1 UHV set-up 

The studies are carried out with an UHV set-up, GALAP AGOS, which stands for General 
Apparatus for Layer Analysis using Plasma Assisted Growth Of Semi-conductors. Below a 
brief introduetion of GALAPAGOS is given. A detailed description of this UHV set-up and 
its operating conditions can be found in [36]. 

Figure 6.1 shows a schematic top view of GALAP AGOS. The set-up consists of two parts, a 
deposition and a diagnostic chamber. The chambers are separated by the substrate. On this 
substrate films can be grown and treated by means of three different radical and plasma 
sources, i.e. an electron cyclotron resonance (ECR) plasma source, anatomie hydragen souree 
and a hot wire source, which is used in this present work. The SHG experiments are 
performed at the same side of the sample where the films are grown and treated. The 
separation of the UHV set-up into two chambers provides flexibility in the application of 
diagnostics. Apart from second harmonie generation, other techniques that can be employed 
on the set-up are attenuated total reflection Fourier transfarm infrared spectroscopy (ATR
FTIR), spectroscopie ellipsometry (SE), thin film cavity ring down spectroscopy (tf-CRDS) 
and gas phase cavity ring down spectroscopy (CRDS). 

6.2 Experimental conditions UHV set-up 

The dynamic in-situ SHG experiments have been carried out during deposition and etching of 
a-Si:H films. During an etch experiment the complete amorphous silicon film was removed 
from the substrate. In between deposition and etch steps static SHG measurements have been 
carried out to characterize the film. Both deposition and etching of the amorphous silicon 
films is performed with the hot wire source. The hot wire souree consists of a tungsten 
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filament that is heated to a temperature of 1990 ± 30 oe such that it can thermally dissociate 
molecules. This high temperature is generated by a current of 10.0 A through the filament 
[36]. 

For deposition of amorphous silicon films the hot wire souree is operated in an ambient of 
silane (SiH4). A continuous silane flow of 1.0 seem resulted in a pressure of 1.0 x 10-4 mbar in 
the deposition chamber. By thermal dissociation the hot wire souree produces an isotropie 
flux of SiHx and H radicals. The substrate, made of quartz, was heated to a temperature of 
250 ± 1 oe. These parameters resulted in a deposition rate of approximately 0.8 nm min·1

, 

obtained by means ofreal-time in-situ spectroscopie ellipsometry (SE) [36]. 

When etching the films the hot wire is operated in an ambient of molecular hydragen (H2), 

resulting in a flux of atomie hydragen (H) to the substrate. A hydragen flow of 15 seem 
resulted in a pressure in the deposition chamber of 1.2 x 10·1 mbar. The substrate temperature 
was 85 ± 1 oe_ These conditions yield an etch rate of around 1 nm min·1 [36]. 

It should be noted that the conditions during deposition are different for films deposited with 
a hot wire than for material deposited with an rf-discharge. During an rf-deposition different 
species (radicals and ions) are present and the film is subjected to ion bombardment 
Furthermore, the growth rate of the films is much higher, around 13 nm min·1 instead of 
approximately 0.8 nm min·1

• eonsequently, the material investigated in-situ is different from 
the material used for ex-situ analysis and care should be taken when camparing the results. 

FIG. 6.1: Schematic top view of the UHV set-up GALAP AGOS. The film is deposited with the hot 
wire souree (HW), as shown at the right-hand side. The second harmonie experiments are performed at 
the side of the sample where the deposition takes place shown in the center of the figure. Heating of the 
sample takes place from the backside, shown at the left-hand side. The SHG detection channel is 
displayed in the tigure as well. The other parts ofthe optica! set-up can be found in Fig. 3.1. 



In-situ SHG on amorphous silicon thin films during growth 68 

6.3 Optical set-up 

The optica} set-up for this feasibility study of in-situ SHG is identical to the set-up for the ex
situ experiments described in section 3.1. The laser systems and most of the optica} 
components are kept in place. The components forming the detection channel are positioned 
near the UHV set-up. The fundamental laser beam is guided to the UHV set-up, using three 
extra mirrors, two designed for an angle of incidence of 45° and one for 22.5°. The new 
contiguration of the detection channel is displayed in Fig. 6.1. The wave plate to set the input 
polarization and the filter to remove possible residual SH-radiation from the laser or optica} 
components are placed directly in front of the entrance window of the UHV set-up. The 
detection system, already described for the ex-situ set-up, consists as of a polarizer, a lens, a 
monochromator and a photomultiplier. These components are placed right behind the exit 
window of the UHV -chamber. The mirror placed behind the sample in the ex-situ set-up has 
been omitted, since all experiments are performed at a fixed angle of incidence on the sample, 
which is 35° due to the geometry ofthe UHV set-up. 

The laser beam is slightly divergent, but this did not influence the ex-situ experiments. 
However for the in-situ measurements the total path length is tripled, resulting in an 
unacceptably large beam diameter and therefore low fluence at the sample. To collimate the 
laser beam two extra lenses have been added to the optica} set-up as shown in Fig. 6.1, a 
plano-convex lens L + with a focal length of 711.8 mm and a plano-concave lens L- with a 
focal length of -610.1 mm. The lenses are placed approximately 30 cm apart. Finally, the 
reference channel, normally used to ensure that enough laser power reaches the sample, has 
notbeen used. The quartz plateis therefore removed from the set-up. As mentioned inSection 
3.1, significant drifts in the laser intensity occur only after more than two hours of 
uninterrupted use of the Nd: Y AG laser. Therefore it has been prevented that the continuous 
operation time of the laser exceeded two hours. Due to these modifications the accessible 
average power of the pump radiation, monitored just in front of the entrance window of the 
UHV chamber, was camparabie to the average power used in the ex-situ experiments, 
corresponding to an estimated fluence of 52 mJ cm-2 fora wavelengthof 1064 nm. 

The alignment procedure is equal to procedure in the ex-situ situation. The set-up is aligned 
coarsely by means of the visible laser. Subsequently the pump laser beam is coupled in. The 
fine-tuning of the alignment is achieved by optimizing the detected SHG signal. 

Initially static and dynamic in-situ experiments have been performed using the same data 
acquisition system as for the ex-situ experiments to process the signal from the 
photomultiplier. A considerable part of the in-situ data obtained with this data acquisition 
system ( except the polarization scan) has a magnitude that only slightly exceeds the noise 
level. As already stressed out in the description of the data acquisition set-up in Section 3.2, 
the response for these low signals is somewhat distorted. When no second harmonie radiation 
arises from a laser pu1se the magnitude of the detected signal is around 1 mV, which is the 
noise level. In several in-situ experiments carried out with this set-up only for a few percent 
of the laser pulses second harmonie photons have been detected. A veraging such data series 
yields a value slightly exceeding 1 mV. When the number and/or the magnitude of data points 
unequal to 1 mV decreases, the average value approaches the asymptote of 1 mV. In order to 
increase the accuracy of the experiments, the set-up has been modified to allow single photon 
counting. Without going into details, the modifications include [37]: reptacement of the 
dectronie circuit to process the signa} from the photomultiplier by an amplifier-discriminator 
circuit and modification of the Labview program. The preliminary results presented in this 
chapter (except the polarization scan) have been obtained using single photon counting. 

Is has been verified that the windows of the UHV set-up, made of quartz, did not genera te any 
detectable second harmonie radiation and did not cause rotation of the polarization. Also the 
quartz substrate did not exhibit any detectable SH signal. It has been verified that the diffuse 
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light emitted by the hot wire souree during the real-time measurements does not distort the 
detected signal. Similar to the ex-situ situation, the detected signal only arises at the doubled 
frequency, which bas been verified by means ofthe monochromator 

6.4 Results and discussion 

In this section the preliminary static and dynamic in-situ second harmonie generation results 
are presented and discussed. 

6.4.1 Static experiments 

The static experiments have been performed to characterize the films deposited by the hot 
wire souree and to verify that the results of the ex-situ measurements are actually arising from 
the a-Si:H films itself. The polarization dependenee of the signal and the wavelength 
dependenee of the SH-signal have been investigated. The approach for the polarization 
experiments is similar to those for the ex-situ experiments. The wavelength dependenee has 
been measured using single pboton counting. 

To measure the polarization dependenee a film with a thickness of approximately 13 nm has 
been used. This film has been grown during a deposition time of 940 s on a clean quartz 
substrate. In Fig. 6.2 polarization scans for both P-polarized and S-polarized output obtained 
from this sample are depicted. Only rotations of the polarization over 180° are displayed in 
the figure, yielding the same information as a rota ti on over 360°. 
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FIG. 6.2: Po lar plot of i 2
> as a function of the input polarization of the pump radiation for a) P and b) 

S-polarized second harmonie signals from an a-Si:H-film. The thickness of the film was approximately 
13 nm. The wavelength ofthe pump radiation was 1064 nm The laser fluence was 52 mJ cm-2

• Setting 
the halfwave plate to 20= oo or 180° (90° or 270°) corresponds to an S (P)-polarized input beam The 
displayed data points have been obtained by averaging the SH response of 300 laser pulses. 
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Similar jlowerlike shaped curves as obtained ex-situ arise. The maxima and minima occur at 
the same polarization combinations. The magnitude of J!2> is a factor of two lower than for the 
ex-situ experiments. Since the laser fluence is approximately a factor of 1.2 lower for the in
situ experiments, a slightly lower signal could he expected for these measurements. However, 
the difference in laser fluence can not explain that the magnitude of the measured data is 
significantly lower for the in-situ experiments than for the ex-situ measurements. 

In order to verify that the set-up for the in-situ measurements itself does not cause the lower 
signal observed in these experiments, a film with an estimated thickness of approximately 
22 nm deposited in GALAPAGOS is mounted into the ex-situ set-up and probed at an angle 
of incidence of 45°. The magnitude of second harmonie signal is comparable to the values 
found in-situ at a similar pump power. This indicates that the lower signal is not caused by the 
configuration of the in-situ experiment. The longer path length, extra collimation lenses or 
UHV windows do apparently not distort the results. 

A possible explanation for the lower signal observed in-situ could he the difference in 
materiaL As mentioned above, the material that has been examined ex-situ has been deposited 
using an rf-discharge, while the films that have been investigated in-situ have been grown by 
HWCVD. These two techniques result in material with slightly different properties, caused by 
a difference in growth conditions. For example, only during rf-deposition the film is subject 
to ion bombardment 

The speetral dependenee ofthe second harmonie signal has been measured by means of single 
pboton eounting using a fiim with an estimated thickness of 3 nm. The film has been 
deposited during a deposition time of 230 s at a substrate temperature of 450° C. The 
wavelength dependenee bas been monitored for the three main polarization combinations, 
Pin - P out. Sin - P out and Mixedin - Sout' corresponding to the maxima in the polarization 
dependenee. The results for the speetral scan are depicted in Fig. 6.3. To compare these 
results with the ex-situ data, the speetral dependenee of the 4 nm sample obtained ex-situ at an 
angle of incidenee of 45° (previously shown in Fig. 4.4a) is displayed as well. 

As can be seen in Fig. 6.3, the speetral dependenee of the second harmonie signal is similar 
for both for the in-situ and the ex-situ experiments. The shape of the curves obtained in-situ 
and ex-situ seems to be roughly comparable. The highest signal is arising from the Pin- P out 
polarization combination. The other two considered polarization eombinations result in 
signals with comparable magnitudes. Not only the overall speetral feature is similar, also 
several details are consistent. The edge where the signals drop is situated at 1.22-1.23 e V for 
the Pm - P out and Sin - P out polarization combinations. Furthermore for the Mixedin - Sout 
polarization combination exhibits a peak around 1.23-1.24 eV. 

In conclusion, the polarization dependenee and the speetral dependenee of the second 
harmonie signal arising from the deposited films examined in-situ are quite similar as for the 
films analyzed ex-situ. The analogous polarization dependenee is an indication for the 
isotropie origin of the second harmonie signal. The similarity in the speetral dependenee 
indicates that the microscopie origin of the second harmonie radiation is the same. It can be 
concluded that both in-situ as ex-situ the same "adsorbates" are responsible for the nonlinear 
optica} behavior. The magnitude of the signal is however significantly lower for the samples 
probed in-situ, which could indicate a lower density of "adsorbates" for the in-situ samples. 
This lower density of "adsorbates" is possibly caused by the difference in growth teehnique 
for both types of films. 
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FIG. 6.3: a) Seeond harmonie intensity as a funetion ofthe photon energy ofthe pump radiation for an 
a-Si:H film with an estimated thiekness of 3 run for three polarisation eombinations, measured in-situ 
at a laser fluenee of 18 mJ em·2• The a-Si:H film has been deposited at a substrate temperature of 
450° C. The displayed data points are aetually the number of seeond harmonie photons deteeted during 
I 000 laser pulses. b) ;(2l for the 4 run sample as a funetion of the photon energy, measured ex-situ and 
previously shown in Fig. 4.4a. The lines are guides to the eye. 

The in-situ experiments have been carried out in UHV, consequently no native oxide layer 
has been formed at the surface of the a-Si:H film. Since the origin of second harmonie signa! 
seems to be the same for the ex-situ and the in-situ experirnents, the ex-situ second harmonie 
signa! is not generated by a native oxide layer as already mentioned in Section 4. 7. It can be 
concluded that theex-situ signa! is indeed arising from the a-Si:H films itself. 
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6.4.2 Dynamic experiments 

The dynamic measurements have been carried out to verify the feasibility of secend harmonie 
generation for reai-time monitoring of amorphous silicon deposition and etching processes. 
Furthermore the experiments have been performed to provide more insight into the 
microscopie origin of the second harmonie radiation, which could lead in the end to more 
understanding of the growth mechanism of a-Si:H. lt should be noted that the results are in an 
initia! status. All reai-time measurements have been carried out using single pboton counting 
The polarization combination has been set to Pin - P out. corresponding to a maximum signal. 

The second harmonie signal obtained during growth of an amorphous silicon film is depicted 
in Fig. 6.4. The film that has a final thickness of approximately 13 nm has been deposited on 
a clean quartz substrate. The wavelength of the pump beam was 1064 nm. 

Before starting the deposition, the signal from the quartz substrate has been monitored. lt can 
be seen in Fig. 6.4 that no second harmonie signal arising from the substrate has been 
detected. When the hot wire souree is switched on, a few photons are detected. These photons 
are most likely caused by the emission of the hot wire. When the deposition is started by 
injecting SiH4 into the UHV set-up, the SHG signal increases sharply. The maximum value is 
reached within a time scale of around 50 s. The SH signal decreases gradually as the thickness 
of the film increases. 

The second harmonie intensity has also been monitored during an etch experiment with 
atomie hydrogen, which is basically the inverse process of deposition. In this etch experiment 
the same amorphous silicon film has been used as in the growth experiment described in Fig. 
6.4, thus the initia! thickness of the film was around 13 nm. The wavelength of the pump 
beam was again 1064 nm. The result ofthis reai-time secend harmonie experiment is depicted 
in Fig. 6.5. 
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FIG. 6.4: Second harmonie intensity as a fimction of time during the deposition of an a-Si:H film, with 
a fmal thickness of around 13 run. The wavelength of the pump beam was 1064 nm, the polarization 
combination Pin-Pout and the laser fluence 42 mJ cm-2

• The displayed SH intensity corresponds to the 
number of detected SH photons during 300 laser shots. During film growth, each step in the curve 
corresponds to an estimated increase in film thickness with 0.13 run. Important actions during the 
experiment have been indicated. 
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FIG. 6.5: Second harmonie intensity as a function of time during etching of the a-Si:H film with an 
estimated initia! thickness of 13 om. The wavelength of the pump beam was 1064 nm, the polarization 
combination Pin-Pout and the laser fluence 38 mJ cm·2

• The displayed SH intensity corresponds to the 
number of detected SH photons during 600 laser shots. Important actions during the experiment have 
been indicated. 

As can be seen in Fig. 6.5, the SH signal does not considerably change when injecting H2 into 
the set-up to start the etch experiment. Approximately after 500 s of etching, the SH signal 
gradually increases. Just befare the film bas been etched away completely, the SH signal is 
maximaL Subsequently the SH signal decreases considerably within a time scale of around 
50 s. After that, the signal remains relatively constant. Switching on and switching off the hot 
wire souree does not influence the SH signal. 

When camparing the growth rate and the etch rate obtained by means of SE (0.8 nm min-1 and 
1 nm min·', respectively) it is expected that deposition of an a-Si:H film takes langer than 
etching away the same film. In Fig. 6.4 and 6.5 it can be seen that this is not the case. The 
deposition time ofthe film investigated is 975 s, while the etch time is 1500 s. This difference 
might be caused by an inaccuracy in the SE data or by a difference in sensitivity of SE and 
SHG for very thin films. lt is not unlikely that the etch rate for the last few remaining 
monolayers ofthe a-Si:H film is different to the etch rate fortherest ofthe film. 

In these prelirninary dynarnic in-situ experiments second harmonie signals have been 
observed. In the previous chapter two possibilities for the microscopie origin of the second 
harmonie signal, i.e. dangling bands and strained layers of silicon at the interfaces of the 
a-Si:H film, have been discussed. By camparing the speetral ex-situ data with observations 
reported in literature for c-Si and considering the applied wavelength in the ex-situ studies it 
bas been concluded that dangling bonds might be responsible for the second harmonie signal. 

The increase in second harmonie signal observed when starting a deposition could be an 
indication of the formation of a region with a relatively high dangling bond density. The SH 
signal decreases when the film becomes thicker. It is nat unlikely that this is caused by a 
decrease in the dangling bond density. The decrease of the SH signal with increasing film 
thickness could also partly be caused by interference effects. In Chapter 5 it can however be 
seen that the variation of the SH signal due to interf erenee effects is expected to be small in 
the considered thickness range, which is small compared to the applied wavelength. A 
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comparison with the thickness dependenee of the SH signal obtained ex-situ, presented in 
Section 4.4, is difficult to make due to the limited number (i.e. two) of ex-situ data points in 
the considered in-situ thickness range. 

The SH signal does not considerably change when the etch procedure is started, which 
indicates that the dangling bond density is not significantly influenced at the onset of the 
experiment. A change in the SH signal might be expected when starting the etch experiment. 
The signal could decrease due to passivation of dangling honds by hydragen radicals. On the 
other hand the SH signal might increase due to H-desorption. The fact that the SH signal 
remains relatively constant could be an indication that the passivation and desorption 
processes are in equilibrium. The increase in the SH signal observed after 500 s could 
possibly be caused by an increase in surface roughness leading to an increase in dangling 
bond density. Just befare the film is etched away completely, the dangling bond density 
seems to be maximaL The SH signals obtained during deposition and etching of a-Si:H seem 
to confirm that etching is the inverse process of deposition. 

The formation of a region with a high dangling bond density at the beginning of the 
deposition of a-Si:H has been reported by Yamasaki et al. [38]. Yamasaki and coworkers 
have performed electron-spin-resananee (ESR) measurements during a-Si:H film growth. 
They attributed the ESR signal to bath surface and bulk dangling honds. Initially an increase 
in ESR signal has been observed with a steeper slope for the first 60 seconds of deposition 
than for the rest of the deposition. After stopping the deposition, a fast decrease in ESR signa} 
has been observed, with a time scale of 20 seconds, foliowed by a slower decrease. The 
decreasing ESR signal had net been saturated 10 hours after stopping the deposition. The 
slow decrease has been ascribed to slow structural relaxation of the bulk of the deposited film. 
The fast decrease tumed out to have a similar magnitude as the initia} increase and was 
independent of deposition time. Yamasaki attributed this similarity to the creation of a region 
with a high dangling bond density at the onset of the deposition process. In his experiment 
this region, with a thickness of around 5 nm, is always located near the surface, independent 
of film thickness. The region with high dangling bond density disappears when stopping the 
deposition, indicating a surface reconstruction. It should be noted that ESR is not surface 
specific, nevertheless the formation of a region with high dangling bond density at the surface 
seems to correspond to the observations in this research, in contrast to the disappearance of 
this region when stopping the deposition, which has nat been observed in this research. 

In conclusion, in the preliminary real-time experiments second harmonie generation has been 
detected bath during deposition and etching of a-Si:H films. Although the magnitude of the 
detected SH signals is low, the comparison with studies performed on c-Si discussed in 
Section 5.5 might indicate that the observations presented in this section could possibly be 
related to changes in dangling bond densities. These in-situ experiments confirm that second 
harmonie generation is a valuable diagnostic technique that has a great potential to monitor 
the growth process of a-Si:H. 
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Chapter 7 

Conclusions and recommendations 

7.1 General conclusions 

The nonlinear optica! technique of second harmonie generation has been applied to thin films 
of a-Si:H. The research has been carried out in order to obtain information on the a-Si:H film 
properties and to gain insight into the surface processes during film growth and the role of 
dangling honds in these processes. The ultimate goal of the application of SHG is real-time 
monitoring of the growth process of a-Si:H. The technique of second harmonie generation has 
been chosen on the basis of extensive studies on crystalline silicon, which have proven that 
this diagnostic technique is sensitive to surface dangling honds. The presented work is the 
first extensive study of second harmonie generation applied on a-Si:H thin films. The main 
conclusions of this work are presented in this section. 

A new set-up to generate and to detect second harmonie radiation has been developed and 
built. Besides a section to exarnine thin films, the experimental set-up consists of a section to 
monitor the stability of the output power of the laser by means of SHG from a fixed reference 
sample. The performance of the new set-up has been confirmed by carrying out the same 
experiment on a similar set-up at the Philipps Universität Marburg, Germany. The newly built 
set-up is suitable for both ex-situ and in-situ SHG experiments on thin films. 

A-Si:H films with a thickness between 4 nm and 1031 nm deposited by means of an rf-plasma 
have been exarnined in ex-situ experiments. Three important issues have been investigated in 
these ex-situ studies: the actual macroscopie and microscopie origin of the second harmonie 
radiation and the influence of interference effects. 

• Polarization and angular dependenee studies carried out at both sides of the samples 
have revealed a oom-symrnetry which corresponds to an isotropie distribution of the 
"origin" ofthe SH signal. 

• Measurements performed at films with a different thickness and at both sides of the 
samples indicate that the second harmonie radiation from thin a-Si:H films is 
generated at both the surface and the buried interface of the film. 

• Interf erenee is likely to modulate the magnitude of the second harmonie signal arising 
from the films. To gain more insight into the influence of interterenee effects a model 
has been developed. Although corrections of SHG data as function of thickness 
carried out with this model appeared to be very sensitive to the accuracy of the film 
thickness, interference is expected to be a main cause of the modulation. 

• Speetral studies carried out in the pboton energy range of 1.10-1.30 e V for three 
different polarization combinations at both sides of the samples with 4 and 9 nm of 
a-Si:H reveal a clear resonance in the SH signa!. 
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• Studies on crystalline silicon and silicon oxide deposited on crystalline silicon have 
confirmed that the SH signal originates from the a-Si:H films and not from a native 
oxide layer formed on top of the films. 

In an UHV set-up in-situ studies have been performed on a-Si:H films deposited by hot wire 
chemica} vapor deposition (HWCVD). These studies have been carried out both statically, to 
characterize the surface properties of films deposited in the UHV set-up and to verify the 
origin of the results obtained in the ex-situ experiments, and dynamically or real-time, to 
verify the feasibility of SHG to monitor the growth of a-Si:H films. 

• In the static as well as in the dynamic studies SH radiation has been detected. The SH 
signal is significantly lower than the signa! that has been observed in the ex-situ 
studies, which might possibly be caused by the difference in material used in both 
studies. For the in-situ experiments a-Si:H deposited by HWCVD has been used, 
while for the ex-situ experiments material deposited by an rf-discharge has been used. 

• Studies of the polarization and the speetral dependenee of the SH signal performed 
in-situ showed good agreement with theex-situ studies. Equivalently, the in-situ and 
ex-situ experiments have revealed the same macroscopie and microscopie origin of 
the second harmonie radiation arising from a-Si:H films. The static in-situ studies 
have therefore confirmed that the second harmonie signal is originating from the a
Si:H films insteadof a native oxide layer formed on top ofthe films after exposure to 
a1r. 

• In preliminary dynarnic or reai-time SHG studies in UHV, second harmonie radiation 
arising from a-Si:H has been observed during deposition and atomie H etching of 
a-Si:H films. Although displaying a low signal, these experiments confirm the 
applicability of SHG as a diagnostic technique to monitor the growth process of 
a-Si:H. 

Finally the status of the implementation of the nonlinear optical technique of second harmonie 
generation to monitor the growth of a-Si:H films will be summarized. lt has been confirmed 
that a-Si:H thin films exhibit second harmonie radiation. This SH radiation is likely to arise 
from the surface and buried interface of the a-Si:H films. Both the surface and the interface of 
the a-Si:H films are isotropie and have an oom-symmetry. A comparison with SHG 
experiments performed on c-Si indicates that the observed resonance in the speetral SH 
response could be caused by energy transitions involving dangling honds at the surface or 
interface of the a-Si:H films. It has been proven by this work that second harmonie generation 
has a great potential for reai-time monitoring the growth process of a-Si:H. Second harmonie 
generation can provide reai-time information on surface dangling honds and can thereby 
considerably imprave the understanding of the growth mechanism of a-Si:H. 

7.2 Recommendations 

Since second harmonie generation has a great potential in the characterization of thin films of 
for example a-Si:H, a-SiNx:H and SiOx, numerous future second harmonie studies could in 
principle be listed as a recommendation. In this sectien however a few recommendations will 
be given to imprave the experimental set-up or to expand the applicability of SHG in the 
specific case of a-Si:H. 

• In the in-situ studies the observed second harmonie signal appeared to hardly exceed 
the noise level when using the sameset-up as for theex-situ experiments. To increase 
the accuracy and reliability of the detection technique, the set-up has been modified to 
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allow single photon counting. Only preliminary real-time experiments have been 
performed so far, therefore more experiments will be necessary. Repeating theex-situ 
experiments on films with a different thiclmess is recommendable as well, since low 
SH signals have been detected in these experiments, especially for thick films . 

• The low signa! obtained in the in-situ studies seems to be related to the investigated 
materiaL The in-situ experiments have been performed on a-Si:H films grown by 
HWCVD, while the material examined ex-situ has been deposited by means of an 
rf-discharge. These two techniques result in material with slightly different properties, 
caused by a difference in growth conditions. For example, only during rf-deposition 
the film is subject to ion bombardment The difference between the two materials 
could be studied by using plasma deposited films for the in-situ analysis as well. The 
ECR-plasma source, with considerable ion flux, on GALAPAGOS could be used for 
this purpose. 

• More information about the a-Si:H film structure can be obtained by expanding the 
accessible wavelength range of the speetral scans. The presence of an optica! 
transition related to Si-Si bonds with an energy difference of around 3.4 - 3.6 eV is 
lmown for a-Si:H. Having the possibility to perferm second harmonie experiments at 
a photon energy up to around 1.8 eV could possibly reveal a resonance peak due this 
strain related transition. The mirrors applied in the set-up are the liming factor in the 
accessible range. Therefore one could think of using mirrors with a broader 
wavelength range. A more rigorous adaptation would be reptacement of the laser by a 
laser with another wavelength range, such as a Titanium-Sapphire laser (1.2 eV -
1.8 eV). 
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Appendix A 

Simplifying susceptibility tensors using crystal symmetry 

The (second-order) susceptibility tensors can be simplified by consiclering the spatial 
symmetry of the corresponding media, using two postulates. The first postulate, which is the 
fundamental postulate of geometrie crystallography, states that only operations that transform 
a crystal lattice into itself without causing any deformation are allowed. These symmetry 
operations are translation, rotation, inversion and improper rotation (rotation combined with 
inversion). The second postulate, known as Neurnann's principle, states that each material 
property has the same symmetry as the material itself. The symmetry properties of crystals are 
extensively mapped in crystallography literature, e.g. [Al]. 

In the field of crystallograpby tbe so-called stereograpbic projection is often used to display 
symmetry properties of a crystal. The stereograpbic projection is a projection of points from 
tbe surface of a spbere onto its equatorial plane. The stereograpbic projection is an angular 
map. Angles are preserved, but distauces are distorted. Crystal directions appear on tbe 
projection as points, planes as arcs. In Fig. Al the metbod ofprojecting tbe [011] direction is 
illustrated [A2]. Pis the intersection between the [011] axis and the surface ofthe spbere. P' 
is the intersection of the line, which connects P and the south pole of the sphere, with the 
equatorial plane. In Fig. A2 the projection of all cube edges, face diagonals and body 
diagonals of a cube together with the main planes in a cube are shown [A2]. Only the 
information of tbe northern hemisphere is needed, tbe southern hemispbere is a duplicate with 
negative indices. 

10 

s 
FIG. Al: Projection ofthe [011] direction onto the equatorial plane [A2]. 
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10 

FIG. A2: Stereograpbic projection of all cube edges, face diagonals body diagonals and rnain planes 
of a cube [A2]. 

The symmetry properties needed to simplify the (second-order) susceptibility tensors are 
inversion, proper and improper rotation. A rotation is defined by the axis of rotation and the 
angle of rotation. The angle of rotation rp is given by rp = 2n I n where n is an integer. 
Therefore an axis of rotation can be referred to as a n-fold axis or an axis of order n. The 
convention to display the order of an axis of rota ti on is the following: 

O~DO 
2 3 4 6 

Rotation combined with inversion is displayed as: 

3 4 6 

Rotation over 180° combined with inversion results in a mirror plan perpendicular to the 
rotation axis. A mirror plane is displayed as a bold are in the stereograpbic projection. As an 
example consider Fig. A3. 
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(c) 

0 

FIG. A3: Examples of symmetry operations; a) 3-fold axis [111] b) 4-fold axis [001] combined with 
inversion c) 3-fold and 4-fold axes in a cube, both without inversion. 

In Fig. A3a the [111] axis is a 3-fold axis, which means that by rotating the corresponding 
crystal over 120° associated with the [111] axis the lattice is transformed into itself. The 
reference axes [100], [010] and [001], notated as x~> x2 and x3 , transfarm like (see also Fig. 
A3c): 

(Al) 

In Fig. A3b the [001] axis is a 4-fold axis which is combined with inversion. This yields a 
rotation over 90° foliowed by inversion with x3 as rotation axis. In this case the reference axes 
transfarm like: 

(A2) 

A more thorough analysis ofthe stereograpbic projection can be found in [Al] and [A2]. 
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Symmetry of GaAs 

Bulk 

In Fig. A4 the stereograpbic projection of the symmetry operations in the bulk of GaAs is 
shown. 

FIG. A4: Stereograpbic projection of bulk GaAs. 

In Fig. A4 can be seen that bulk GaAs bas three 4-fold axes with inversion in the <100> 
directions, four 3-fold axes in the <111> directions. View Fig. A3c for further illustration. 
The six {110} p1anes are mirror planes, in Fig. A5 three of these planes intersecting along 

[111] are shown. Due tothese symmetries GaAs belongs to the so-called43m cubic point 
group, in [Al] more information about these symmetry groups can be found. 

FIG. A5: { 11 0} mirror planes, intersecting along [111]. 

Analysing these operations results in several equations for the reference axes x~o x2 and x3• 

Rotation over 90° foliowed by inversion associated with [100], [010] and [001] yield 
respectively: 

. . 
x, =-x, XI = x3 XI =-x2 

. 
x2 = -x3 x2 =-x2 x2 =XI (A3) 

x3 = x2 x3 =-XI x3 =-x3 
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These operations can also be applied twice. This results in proper rotations over 180° with the 
<100> directions as axes, since the inversion operations cancel each other. The expressions 
for these transfonnations are: 

' ' ' 
xl =xl xl =-xl xl =-xl 

x2 =-x2 x2 =X2 x2 =-x2 (A4) 

' 
x3 =-x3 x3 = -x3 x3 = x3 

The four 3-fold axes in the <111> directions result in two independent expressions: 

(A5) 

The group of mirror planes { 110} results in: 

(A6) 

According to Neumann's principle equations (A3)- (A6) arealso valid for the different tensor 
elements. The indices of the second-order susceptibility tensor transfonn as stated in these 
equations. Consider for example the first expression of(A3). An index 1 'goes to' -1 , 2 to -3 
and 3 to 2. This can be abbreviated as 1 ~ -1, 2 ~ -3 and 3 ~ 2. So x 2

>123 = (-1)(-l)x2>132 = 
• .(2) 
A 132· 

Important simplifications of x2
>iJk for GaAs arise from (A4): Every element of ;(2

>iJk with 
either two or three identical indices is equal to zero. Consider (A4.1 ): 1 ~ 1, 2 ~ -2 and 
3 ~ -3. This yields: 222 ~ - 222 and 112 ~ -112. Consequently ;(2

>222 = - x 2
>222 = 0 and 

x 2
>112 = - X2

)112 = 0. When applying (4) to all combinations of i, i and kit can be concluded 
that X2

) iJk can only be nonzero when i, i and k are all different. The next simplification is a 
result of(A5) and (A6): 123 ~ 231, 123 ~ 312, 123 ~ 132, 123 ~ 321, 123 ~ 213. All 
. d . fr I b h d . .(2) - • .(2) - •12> - • .(2) - • .c2> - .1..2> I · m 1ces can ee y e exc ange , so A 123 - A 231 - x 312 - A 132 - x 321 - A 213· t IS 

convenient to represent x2
>iJk in a contracted notation denoted by di1 [A3], where the 

convention is used that 

dil = xW(m,m) when i= k 

dil = t[xW(m,m )+ X;~l(m,m )] when i -:t:. k 
with 

{ 
l =1 2 

ik= XX Y.Y ZZ 

3 4 5 6 

yz, zy xz, zx xy, yx 

The resulting second-order susceptibility tensor in this contracted notation has only three 
nonzero elements: d14 = d25 = d36• So this tensor for bulk GaAs is: 
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Surface 

l
o o o d 14 

dil= 0 0 0 0 

0 0 0 0 

0 

VI 
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(A7) 

Central in the analysis of the symmetry properties of surfaces of crystals, in this case GaAs, is 
the orientation of the surface. Surfaces perpendicular to the [100], [110] and [111] directions 
will be considered. Only rotations with the rotation axis perpendicular to the surface and 
mirror p1anes perpendicular to the surface can transfarm the lattice into itself and therefore 
only these transformations are allowed. 

(001) orientation 

For the (001) orientation rotation over 90° foliowed by inversion associated with [010] and 
[100] cannot be performed because the rotation axes are not perpendicular to the surface. This 
operation is also forbidden in the [00 1] direction because of the inversion. Rota ti on over 180° 
is allowed only associated with the [001] direction. The 3-fold axes are not perpendicular to 
the surface, and are therefore not valid anymore. Only two out of the six { 110} mirror plan es 
are perpendicular to the surface, i.e. ( 11 0) and (Ï 1 0) (plane 1 in Fig. A5). In Fig. A6a the 
remaining symmetry elements are shown. Fig. A6b displays these remaining operations in the 
stereograpbic projection ofbulk GaAs. 

//·;'\····· ... 
/ 

·y----

(a) (b) 

FIG. A6: a) Remaining symrnetry operations for GaAs (001). 
b) These operations in the stereograpbic projection of bulk GaAs. 

When only consiclering the surface, the symrnetry elements of the (001) orientation of GaAs 
can be described in a more distinct way by defining new reference axes. A suitable new 
reference frame for the (001) surface can be found by rotating the farmer frame over 45° 
associated with the [001] axis (Fig. A7a). In brief: [100]' = [110], [010]' = [110 ], [001]' = 
[00 1]. In Fig. A 7b the stereograpbic projection of the symmetry elements in the new frame is 
shown. 
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(a) (b) 

FIG. A 7: a) Symmetry operations for GaAs (001) in a new reference frame. 
b) The stereographic projection of these operations in the new frame. 

GaAs (001) is lrnown to have mm2 symmetry, therefore the projection shown in Fig. A7b is in 
fact the stereograpbic projection of crystals of the mm2 point group. Analysing the symmetry 
operations results in equations for the new reference axes, xJ. x2 and x 3• 

Rota ti on over 180° is associated with the [00 1] direction yields: 

(A8) 

The mirror planes, which are (100) and (010) in the new frame (Fig. A7a), result in: 

x =-x 
I I 

x =x 
I I 

X =X 
2 2 

X =-X 
2 2 

(A9) 

' x =x 
3 3 

X =X 
3 3 

Applying these equations to the second-order susceptibility tensor results in the following 
contracted tensor: 

dil=[~ 
d31 

0 

0 

0 

0 

0 

~] (AlO) 
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(11 0) orientation 

The only operation that can be performed is one of the rnirror transformations, i.e. 1 in 
Fig. A5. 
Defining another reference frame simplifies fi1rther analysis. Choose the new [00 1] axis 
perpendicular to the surface and in the mirror plane. Choose [0 10]' to be on the intersection of 
both planes. As aresult [100]' is perpendicular to the mirror plane. In brief: [001]' = [110], 
[010]' = [00 1] and [100]' = [11 0 ], as depicted in Fig. A8. 

/ ' 
·.. [001) ,/ 

' .. _,/ 

FIG. A8: A new reference frame for GaAs(llO). 

In the new frame the mirror plane bas (1 00) orientation, resulting in: 

X =-X 
I I 

X =X 
2 2 

(All) 
. 

X =X 
3 3 

The resulting tensor is: 

0 0 0 

(A12) 

(111) orientation 

The allowed operations are rotations associated with the 3-fold axis in the [111] direction 
(Fig. A3c) and the three rnirror transformations intersecting along [111] (Fig. A5). In Fig. A9 
these remaining operations are shown in the stereograpbic projection of bulk GaAs. 
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FIG. A9: Symmetry operations for GaAs(lll) in the stereograpbic projection ofbulk GaAs. 

The analysis will be considered in detail in the section of this review discussing Si(lll) 
which bas the same symmetry as GaAs(lll). Both second-order contracted susceptibility 
tensors have the same appearance: 

[ 

0 

d = d 
i/ d22 

31 

Symmetry of Si 

Bulk 

0 

0 (A13) 

In Fig. AlO the stereograpbic projection of the symmetry operations in the bulk of Si is 
shown. 

FIG. AlO: Stereograpbic projection ofbulk Si. 
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Bulk Si has three 4-fold axes in the <100> directions, four 3-fold axes in the <111> 
directions, six 2-fold axes in the <110> directions (Fig. A7) and a centre of inversion. The 
planes {100} and {110} are mirror planes, visualized in Fig. AS and Fig. All. Silicon is part 
of the cubic point group m3m . 

4 i 

. ···~ ·-,.,..-? 

/ 

FIG. All: 2-fold axes in the <110> directions and {100} mirror planes. 

These operations result in the following equations: Rotation over 90° associated with [100], 
[0 1 0] and [00 1] yield respectively: 

' 
x =x XI = -x3 XI =x 

I I 2 

' ' ' (Al4) x =X3 x2 =X x2 =-x 
2 2 I 

' ' 
x =-X x =X x3 =X 

3 2 3 I 3 

Applying these rotations twice results in the same expressionsas given for GaAs in (A4): 

' ' 
XI =xl XI =-xl XI =-x~ 

x2 = -x2 x2 = x2 x2 = -x2 (AlS) 

x3 =-x3 x3 = -x3 x3 = x3 

Also the four 3-fold axes in the <111> directions yield the same result as for GaAs in (AS): 

' 
XI =x2 XI= X3 

x2 = x3 X2 =XI (Al6) 

X3 =XI x3 = x2 

The 2-fold axes in the <110> directions result in: 

x =x XI = x3 x =-x 
I 2 I I 

' ' (Al7) x =X x2 =-x x2 =X 
2 I 2 3 

X =-X 
3 3 

X =X 
3 I x3 =x 

2 

The group ofmirrorplanes {110} results in the same expressionsas given in (A6): 
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(A18) 

The { 100} mirror plan es yield: 

x =-x 
I I XI =x 

I 
x =x 

I I 

' x =x 
2 2 

X =-X 
2 2 

x =x 
2 2 

(A19) 

' x =x 
3 3 

x =x 
3 3 

x =-x 
3 3 

The centre of inversion is in fact a combination of all { 100} mirror planes: 

x =-x 
I I 

' x =-x 
2 2 

(A20) 

' x =-x 
3 3 

Equations (Al9) or (A20) state that ;!2
>iJk = -;!2

liJk· for every i, j and k, so all elementsof ;l2
>iJk 

or du vanish for bulk Si. 

Surface 

(001) orientation 

The only rotations that are allowed are rotations over 90° and 180° (two times 90°) associated 
with the [001] direction. Only tbe mirror operations witb the mirror plane perpendicular to the 
surface are allowed. Out of tbe six {110} mirror planes only those with (110) and (110) 
orientation (plane 1 in Fig. A5) are perpendicular to the surface. Furthermore the mirror 
operations associated with tbe (100) and (010) planes are allowed (planes 5 and 6 in 
Fig. All). When a single surface is present, as in the cases considered bere, the centre of 
inversion cannot have a contribution. In Fig. Al2a the remaining symmetry operations for Si 
(001) are displayed together with the stereograpbic projection of bulk Si, in Fig. Al2b these 
elements are shown separately. 
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(a) 

/~ 
// ~ 

. ' '-. 

.... / "~.: . . . . . . 

(b) 

FIG. A12: a) Symmetry operations for Si (001) in the stereograpbic projection ofbulk Si. 
b) Stereograpbic projection of solely the symmetry opera ti ons for Si (00 1 ). 

XII 

Si (001) has 4mm symrnetry, the stereographic projection of this point group is shown in 
Fig. A12b. The analysis of the sym.metry operations results in the following equations: 
Rotation over 90° or 180° is associated with the [00 1] direction yield respectively: 

x =x 
I 2 

x =-x 
2 I 

(A21) 

X =X 
3 3 

The mirror planes (110) and (Ï 10) yield: 

(A22) 

The mirror planes (1 00) and (010) result in: 

x =x 
I I 

x =x 
2 2 

(A23) 

X =X 
3 3 

x =x 
3 3 

These equations result in: 

d,, ~[ ~ 
0 0 0 diS 

~] 0 0 diS 0 

d 31 d31 d 33 0 0 

(A24) 
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(11 0) orientation 

The remaining operations for this orientation are the 2-fold rotation with the axis in the [11 0] 
direction. The allowed mirror plan es are (Ï 1 0) which is p1ane 1 in Fig. A5 and (00 1 ), plane 
4 in Fig. All. In Fig. Al3 these operations are displayed in the stereograpbic projection of 
bulk Si. 

FIG. Al3: Symmetry operations for Si(llO) in the stereographic projection ofbulk Si. 

Using the reference frame that was introduced in the analysis of GaAs(110) (Fig. A8) three 
equations can be deduced. The 2-fold rotation is associated with the [001] axis in the new 
frame: 

(A25) 

The mirror planes in the new frame are (100) and (010): 

x =-x x =x 
I I I I 

' x =x 
2 2 

x =-x 
2 2 

(A26) 

' X =X 
3 3 

X =X 
3 3 

These equations result in: 

d"~p 
0 0 0 diS 

~] 0 0 d24 0 

d31 d32 d33 0 0 

(A27) 
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(111) orientation 

For this orientation of Si the same symmetry operations as for GaAs(111) are allowed. These 
are rotations associated with the 3-fold axis in the [111] direction (Fig. A3c) and the three 
mirror transformations intersecting along [111] (Fig. A5). In Fig. A14 these remairring 
operations are shown in the stereographic projection ofbulk Si. 

FIG. Al4: Symmetry operations for Si (111) in the stereograpbic projection of bulk Si. 

The symrnetry elementsof Si(111) can be described in a more distinct way by defining new 
reference axes. Take the new [001] axis perpendicular to the surface, i.e. [001]' = [111]. The 
other axes are lying in the ( 111) plane. Choose for example [0 10]' on the intersec ti on of the 
(111) plane and one of the mirror planes, say ( 1 0 1) (plane 3 in Fig. A5), so [0 10]' = (1 i1]. 
As aresult the last new reference axis is perpendicular to this mirror plane: [100]' = [1 0 1 ]. 
In Fig. A15a the new reference frame is shown. Fig. A15b displays the stereographic 
projection ofthe symmetry operations for Si(111) in the new frame 

[010] 
,------\ ~----- ------

' \ \\ I ----. ... 
\ I y 

(a) (b) 

FIG. AlS: a) A new reference frame for Si(lll). 
b) The stereograpbic projection of the symmetry operations in this new frame. 

Si(111) has 3m symmetry, the stereograpbic projection of this point group is the projection 
shown in Fig. A15b. Analysing the symmetry of this point group is not as straightforward as 
in the previous cases. In the following part a short outline of this analysis will be given, a 
more detailed description can be found in [A3]. In the cases considered sofara reference axis 
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was transformed into itself or into one of the other axes, with or without changing sign: In this 
case however an axis transfarms into a linear combination of itself and/or other reference 
axes. Therefore it is more convenient to use matrices to display the transformations. Rotation 
about the [00 1] axis over an angle cp is given by the transformation matrix: 

smcp 

coscp 

0 ~] (A28) 

Transformation ofthe second order susceptibility tensor due to rotation can be written as: 

(A29) 

When cpis equal to 120° aiJ becomes: 

(A30) 

Since an axis transfarms into a linear combination of all axes, an element i 2
)' ijk, is a linear 

combination of multiple elements of i 2
> ijk· From (A29) and (A30) can be deduced that i

2r 111 
. fi . f i2) i2) i2) i2) i2) d i2) s. i2)' _J.2) . Is a unct10n o 111. 112, 122, 211. 212 an 222- mee 111 =x 111 an equation 
is obtained which connects the six elements. Similar considerations for i

2r 112, i
2r 122, i

2>'211 , 

i 2r 212 and i 2r 222 result in five more equations connecting the same six elements. The solution 
to these six equations is: 

i
2) - i2) - i2) 111-- 122-- 212 (A31) 

i
2) - i2) - i2) 

222- - 112 - - 211 

The other elements ofthe tensor can be derived in a similar way, the result is: 

i
2) - i2) 

113- 223 

i
2) i2) 

123 - - 213 (A32) 

i
2) i2) 

311 = 322 

i
2) - i2) - i2) - i2) - i2) - 0 133- 233- 312- 313- 323-

The rnirror plane where the [010] and [001] axes ofthe new reference frame are chosen to be 
in in duces a further simplification of the tensor. The new [ 100] is perpendicular to this mirror 
plane (Fig. A15a), resulting in: 

' x =-x 
I I 

' x =x 
2 2 (A33) 

X =X 
3 3 

The other rnirror planes have the same result as the rotations. From (A33) it is clear that every 
tensor element with either one or three indices equal to 1 will vanish. The resulting secoud
order contracted susceptibility tensor for the Si(lll) surface is: 
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0 

df] (A34) 

The natura} cleavage plane of silicon is the (111) face, since this face has the lowest surface 
tension. After cleaving and annealing the crystal the so-called 7x7 reconstruction forms [A4]. 
In Fig. A16 a defocused STM picture is shown [A5]. In the bottorn left corner the 7x7 unit is 
displayed. This picture clearly shows the allowed symmetry operations: 3-fold rotatien and 
three different mirror operations. 

FIG. A16: Defocused STM-picture of Si (111) 7x7, together with a 7x7 unit cell [A5]. 

Symmetry amorphous media 

Bulk 

The bulk of an amorphous medium is, in the long-range order, disordered. From a 
macroscopie point of view however an infinite number of symmetry operations can be 
performed. Any rotatien or mirror operatien transfarms the medium to itself. The bulk of an 
amorphous material is therefore centrosyrnmetric. The second order nonlinear susceptibility 
tensor reduces to zero. No second order optical effects will be displayed. 

Surface 

As at any surface, the symmetry is reduced at the surface of an amorphous medium. An 
amorphous surface is expected to be part of the oom-syrnmetry group. Two different types of 
symmetry operations are allowed at an amorphous surface. The frrst type is a rotatien over an 
arbitrary angle with the rotatien axis perpendicular to the surface (e.g. in the [001] direction), 
so called infmity fold rotation. To the second type belong mirror operations. An amorphous 
surface has an infinite number of mirror p1anes perpendicular to the surface. Only three of 
these possible mirror planes already result in the corresponding tensor. These mirror planes 
are for example (1 00), (0 1 0) and (Ï 10 ), they yield: 
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XI =-x~ XI =X 
I XI =x2 

X =X 
2 2 

X =-X 
2 2 x2 =X 

I 
(A35) 

x3 =X x3 =X X =X 
3 3 3 3 

From these expressions can be seen that every tensor component with an odd number of x or y 
in the index is equal to zero. The resulting tensor is therefore: 

Raferences 

0 

0 

0 

0 

0 

~] (A36) 
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Appendix B 

Crystallization 

Exposing a thin amorphous film to a high-energy laser beam can induce crystallization or 
even ablation of the thin layer. In this appendix the laser fluence used in this work will be 
compared with values found in the literature. In Table B 1 the comparison of the 
characteristics ofthe laser beams used in this study and reported in the literature is displayed. 

As can be seen in Table B1 crystallization occurs in two of the considered papers. For a 
wavelength of 532 nm, crystallization has been reported at a fluence of 70 mJ cm-2 by Tang 
et al. [B1]. The absorption coefficient for a-Si :H is significantly higher at 532 nm than at 
1064 nm (the wavelength that is mainly used in this work). As mentioned in Section 3.4 the 
maximal absorption coefficients found with tf-CRDS and transmission-reflection 
spectroscopy at À.= 532 nm and À. = 1064 nm are a= 1.1x105 cm-1 and a = 2.4x 102 cm-1

, 

respectively. 

Carius et al. [B2] have reported laser crystallization of thin amorphous silicon films at an 
excitation wavelength of 1064 nm. Crystallization can be enhanced by interference in the thin 
film and non-linear absorption effects. Carius finds an onset of crystallization at a fluence of 
around 120 mJ cm·2, which can possibly be attributed to the high absorption coefficient ofthe 
a-Si:H samples used by Carius, a= 103 cm·1 at a film thickness of around 450 nm. This high 
absorption coefficient can be an indication that the material used by Carius is of inferior 
quality than the material in this study. 

TABLEB1: 

Study 

This study 
(OPO) 

This study 
(Nd:YAG 
directly) 

Tang et al. [B1] 
Alexandrova 

et al. [B3] 
Carius et al. rB2l 

Dürr [B4] 

Comparison of parameters of the laser beam in this study and values reported in the 
literature. 

Ä. a Repetitio EPP Spot Fluence Comment 
(nm) (cm-1

) n (mJ diameter (mJ cm-2
) 

ra te ) (cm) 
(Hz) 

1064 Max 30 5,5 0.3 78 No changes in 
2.4 x 102 structure 

Max No changes in 
1064 2.4 x 102 30 11 0.3 156 structure 

532 6 x 104 10 - - 70 Crystallization 
1064 1 - 1 0.3 14 No changes in 

structure 
1064 103 - - - 120 Crystallization 
1064 10 30 10 0.6 100 No damage on 

c-Si 

No changes in the surface of the investigated films can be seen in the situations of this study 
described in Table B 1. Only strongly focusing the beam onto the sample clearly results in 
ablation of the film. Combining the literature study with the observation that no modification 
in the structure of the films occurred, it can be concluded that no crystallization or ablation of 
the a-Si:H occurs at the laser fluences used in this study. 



Crystallisation XIX 

--- ------~-------- ----· - ---- ------

Raferences 

[B1] Y.F. Tang, S.R.P. Silva, M.J. Rose, Appl. Phys. Lett. 78 (2), 186 (2001). 
[B2] R. Carius, A. Wohllebe, L. Houben, H. Wagner, Phys. Stat. Sol. A 166,635 (1998). 
[B3] S. Alexandrova, P Danesh, LA. Maslyanitsyn, Phys. Rev. B 61 (16), 11136 (2000). 
[B4] M. Dürr, Reaktionsdynamik van Wasserstoff auf Silizium: Eine Untersuchung miltels 

optischer Frequenzverdoppelung, Molekularstrahltechnik und 
Rastertunnelmikroscopie, Ph.D. thesis, Max-Plank-Institut ftir Quantenoptik, 
Garehing (200 1 ). 



XX 
--~~--~~-~----·----------~----------

Appendix C 

Polarization scan at different wavelengths 

This appendix contains polarization scans performed at different pump wavelengths, all other 
conditions are the sameasin Section 4.2. In Fig. Cl these polarization scans are depicted. For 
all wavelengtbs the same pattem arises. The amplitudes of the signa} depend on the 
wavelength as described in Section 4.5 
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FIG. Cl: Polarplot of ;(-2
l for (a) Pand (b) S-polarized second harmonie signals from 4 nrn a-Si:H on 

quartz as a function of the input polarization of the pump radiation, for four different pump 
wavelengths. Other parameters are described in section 4.2. 


